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ABSTRACT 




Cell division is a universal cellular process responsible for the proliferation and 
differentiation of cells. After the chromosomes are faithfully segregated during mitosis, 
cells undergo cytokinesis, where one cell divides into two. Cytokinesis in many 
eukaryotes requires a structure known as the contractile ring, which contains actin, 
myosin and many other proteins assembled just beneath the plasma membrane. In this 
thesis, I present my studies on the function and organization of this ring. I used the 
powerful genetically tractable model organism the fission yeast Schizosaccharomyces 
pombe to study these processes in cytokinesis. First, I showed that one function of the 
cytokinetic ring is to regulate the assembly of the septum cell wall in a curvature 
dependent manner, suggesting a mechanosensitive mechanism. Second, I analyzed the 
substructure organization of the proteins within the ring, showing that ring proteins are 
arranged in clusters and in different layers.   
	  
Finally, in a collaborative project, I studied the arrangement of chromosomes within the 
nucleus, and identified a protein required for linking centromeres to the spindle pole body 
at the nuclear envelope.    
	  
In general, my thesis provides new insights into the spatial mechanisms of cytokinesis 
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The Basics of Cytokinesis 
Cytokinesis is the last event of the cell cycle where one cell splits into two. After the cell 
precisely duplicates and separates its genetic materials, a physical barrier is formed 
between two daughter cells. Such events were documented nearly two centuries ago 
(Harris, 1999) but how the whole process is elegantly achieved in different organisms is 
not entirely clear. In this introduction, I describe our current understanding of different 
aspects of cytokinesis starting with initiation, constriction and then abscission. I describe 
findings from many different model systems that have been used to study this universal 
process.  
 
The Initiation of Cytokinesis 
At the start of cytokinesis, two decisions need to be made: the exact time point 
cytokinesis should start and the position the future cleavage should take place. The timing 
of cytokinesis should be accurate so that genetic materials are precisely separated and 
placement of the cleavage furrow should be carefully regulated so that each of the two 
resulting cells has the desired volume.  
 
In animal and fungal cells, the initiation of cytokinesis may start way ahead of cleavage 
furrow ingression. During this “preparing phase” the cortical behaviors of many proteins 
and / or the cell morphology change (Wang, 2005). Subsequently, a contractile 
actomyosin ring is assembled, marking the future cleavage site (Bathe and Chang, 2010; 




determined by the position of a cortical microtubule array, the preprophase band. In 
addition, the phragmoplast in plant cells is regarded as the initial staging template for 
cytokinesis (Jurgens, 2005b). In bacteria such as Escherichia coli (E. coli) and Bacillus 
subtilis (B. subtilis), a tubulin like protein FtsZ based ring is assembled which is thought 
to guide the partitioning of the cell (Bi and Lutkenhaus, 1991). Cytokinesis does not 
always happen for each round of genetic material duplication and segregation. For 
example, in Ashbya gossypii, septation does not immediately follow nuclear division 
(Kaufmann and Philippsen, 2009). For the purpose of this introduction, I will focus 
primarily on cytokinesis in animals and fungi, and will include cytokinesis of plant and 
bacterial cells as necessary.   
 
What dictates the start of cytokinesis? 
The timing of cytokinesis is coordinated with the cell cycle to ensure that the physical 
separation of the cell occurs only after proper segregation of the genetic material. Cyclin-
dependent-kinases (Cdks) and cyclins regulate cell cycle progression at different stages 
using different strategies (Morgan, 1995). The decreased activity of Cdk1 and the 
proteolysis of Cyclin B by the anaphase promoting complex (APC-C) (Pines, 2011) 
mediate the exit from mitosis and the start of cytokinesis (Green et al., 2012). Inhibition 
of Cdk1 activity is sufficient to trigger cytokinesis and blocking the degradation of 
Cyclin B by inhibiting proteasome activity leads to failure of cytokinesis (Potapova et al., 
2006). In animal cells, cytokinesis requires assembly of the contractile ring, formation of 













Figure 0-1: Progression of Cytokinesis 
in S. pombe 
The position of the cytokinetic ring is 
determined during interphase by the 
nucleus (shown in blue). A broad band 
of nodes (green dots) overlaying the 
nucleus is localized at the medial cortex 
of the cell. During cytokinesis, these 
nodes coalesce into a contractile ring 
(shown in green). The ring constricts and 
the septum cell wall (shown in red) 
grows inward. When the septum has 




Cdk1 phosphorylates many upstream regulators such as Ect2, one of the RhoGEFs of 
RhoA, centralspindlin which concentrates at central spindle, and human MKLP1, a 
kinesin at the central spindle (reviewed in (Green et al., 2012)).   
 
In S. pombe cytokinesis (Figure 0-1), a signaling network, known as the septation 
initiation network (SIN) activates to regulate the constriction of the contractile ring and 
the formation of the septum. Failure in SIN signaling leads to elongated and 
multinucleated cells and mis-regulated SIN results in multi-septated cells without cell 
cleavage (reviewed in (Krapp et al., 2004; Krapp and Simanis, 2008)). Cdk1 (Cdc2) is 
inactivated to release its inhibition of Sid1-Cdc14 (a SIN protein complex) activity to 
permit the activation of SIN (Chang et al., 2001; Dischinger et al., 2008; Guertin et al., 
2000). Cyclin B (Cdc13) is degraded by APC mediated proteolysis, and the expression of 
a non-degradable form of Cdc13 leads to elongated cells, indicating that cytokinesis is 
not initiated (Chang et al., 2001). Therefore, reduced activity of Cdk1 seems to be 
required for the progression of cytokinesis. However, Byr4, a hyperactive inhibitor of 
SIN, was recently shown to be inhibited and phosphorylated by Cdk1 during metaphase 
to allow SIN activation, making Cdk1 a positive regulator of cytokinesis in addition to its 
role in inhibiting cytokinesis (Rachfall et al., 2014).  
 
In S. cerevisiae, an analogous signaling cascade, known as the mitotic exit network 
(MEN) is required to activate the phosphatase Cdc14 which in turn inhibits Cdk1 (Cdc28, 




exit. Both MEN and Cdc14 have additional functions to guide the formation of the future 
septum (Meitinger et al., 2012).  
 
So far, we have only considered the mitotic exit checkpoint at the late stage of mitosis 
and how it is regulated to permit cytokinesis, but what are the requirements for cells to 
enter into mitosis? In S. pombe, Cdk1 (Cdc2) activity is inhibited by the kinase Wee1 
during interphase, where Wee1 phosphorylates Cdc2. This inhibition is alleviated by the 
phosphatase Cdc25 during mitosis, where Cdc25 dephosphorylates Cdc2 ((Featherstone 
and Russell, 1991; Gould and Nurse, 1989; Millar et al., 1991; Nurse, 1990; Russell and 
Nurse, 1987), also reviewed in (Wolfe and Gould, 2005)). The SAD-like kinase Cdr2, a 
positive regulator of cytokinesis, localizes to nodes in a medial cortical band of the rod 
shaped cell during interphase and it inhibits and directly phosphorylates Wee1 (Breeding 
et al., 1998; Kanoh and Russell, 1998; Morrell et al., 2004). The DYRK family kinase 
Pom1, a negative regulator of cytokinesis,  localizes to cell tips and forms a polar 
gradient. It phosphorylates Cdr2 to prevent it from being activated by the CAMKK Ssp1, 
which activates Cdr2 by phosphorylating a threonine residue during interphase (Bahler 
and Pringle, 1998; Deng et al., 2014; Martin and Berthelot-Grosjean, 2009).  
 
Does the cell need to pass a size threshold to commit to cell division? Even though cell 
growth and division are not necessarily coupled, they need to be coordinated and some 
cells divide at a relatively consistent size (Lloyd, 2013; Turner et al., 2012). In addition, 
the extracellular environment can also regulate this coordination. For unicellular 




in metazoans, extracellular signaling is essential (Jorgensen and Tyers, 2004). In S. 
pombe, there is strong evidence for sizers, as cells under a normal environment grow to 
certain size (~14 µm) before they can undergo division (Fantes, 1977; Turner et al., 
2012). In Xenopus eggs, however, the decision to divide is made mostly based on an 
oscillating timer. And in S. cerevisiae, there is evidence for size control, but these 
controls may be noisy (Turner et al., 2012). In bacteria, quantitative analysis suggests that 
cell division triggered by a size-sensitive mechanism is more robust than using a time-
sensitive mechanism (Robert et al., 2014). However, in the bacteria that coat cubicles of 
marine nematodes, where the cells are extraordinarily long, such size-dependent 
relationship is diminished (Pende et al., 2014). Therefore, it seems that different cell 
types may use a variety of mechanisms to maintain cell size.  
 
What positions the cleavage site of cytokinesis?  
In animal cells, fungi, and bacteria, cytokinesis progresses in an outside-in fashion where 
the cleavage starts from membrane invagination at the cell cortex and proceeds inward. 
Therefore, it is essential for the cell to be capable to sense the position of the cortex so 
that it can accurately determine the place of the future division apparatus.  
 
The position of cleavage furrow is thought to be determined by the spindle midzone in 
animal cells. A classic experiment on Echinarachnius parma eggs shows that moving the 
anaphase spindle within the cell can generate multiple cleavage furrows (Rappaport, 
1985). In contrast, in S. pombe, the division site selection is based on the position of the 




and in S. cerevisiae, this site is determined by bud site selection (Bi et al., 1998; Chant 
and Herskowitz, 1991; Chant and Pringle, 1995), which indicates that the placement of 
division site occurs prior to the positioning of mitotic spindle. Similarly, in plant cells, 
the position of the nucleus dictates the position of the preprophase band, which marks the 
site of cytokinesis (Jurgens, 2005a; Mineyuki et al., 1991; Murata and Wada, 1991). 
Although the timing of decision making is different, these organisms have one common 
challenge: the signal carrying the positional information from the source (anaphase 
spindle, nucleus, or cell tip) needs to be precisely transported to the target site, the future 
division initiation region at the cortex.  
 
In animal cells, a medial equatorial zone of active RhoA is formed under the guidance of 
the spindle (Bement et al., 2006; Piekny et al., 2005). The formation of the active RhoA 
zone does not depend on F-actin but on microtubules, and moving the spindle by micro-
manipulation will displace the cortical zone of active RhoA (Bement et al., 2005). The 
active RhoA then organizes the medial cortical contractile machinery, including the 
formin family which nucleates the actin ring, Rho-dependent kinases which regulate 
myosins, and Citron kinase, which regulates the late stage of cytokinesis (Piekny et al., 
2005). Thus, it is important to know how the signal is transported from the spindle to the 
active RhoA zone, but this is poorly understood. What portion of the microtubules is used 
and what geometric configuration is it dependent on? Two prominent models exist in 
investigating this mechanism: equatorial stimulation model and polar relaxation model 
(reviewed in (Burgess and Chang, 2005)). Most Rappaport experiments (Rappaport, 




signal to the equatorial site to promote assembly of the cytokinetic apparatus. The famous 
torus experiment showed that in torus shaped sand dollar eggs that contained two 
spindles, an additional furrow formed between the unrelated spindle poles (Rappaport 
furrow) besides the two with chromosomes (Rappaport, 1961). Recently, molecular 
details of the echinoderm zygotes show that the Rappaport furrow is sensitive to Aurora 
inhibition (Argiros et al., 2012). In a Xenopus egg extract system, microtubules grown 
from artificial chromosomes formed asters, and cleavage furrow markers were observed 
in the anti-parallel microtubule overlap zones (Nguyen et al., 2014). Moreover, a 
mathematical model was developed to describe how microtubules carrying positive 
signals for cell division can contribute to the placement of the cleavage furrow (Atilgan et 
al., 2012). In the polar relaxation model, astral microtubules may deliver negative signals 
to the polar regions of the cell to inhibit cortical contractility. Examination of the 
microtubule density distribution in cells supports this model in that astral microtubules 
are denser at the polar regions of the cell than at the equatorial region (Asnes and 
Schroeder, 1979; Dechant and Glotzer, 2003; von Dassow et al., 2009). However, both of 
these mechanisms might be employed by the cell (von Dassow et al., 2009). A bipolar 
spindle is not essential for correct positioning of the division site. Human cells with 
monopolar spindles induced to anaphase also successfully form cleavage furrows at the 
distal region of the spindle. This suggests that a bipolar spindle might not be necessary 
and signals from the spindle are targeted to the cleavage site by stable microtubules 













Figure 0-2: Positioning of the cytokinetic ring by the nucleus in S. pombe 
The division site is positioned by the nucleus. Interphase nodes overlaying the nucleus 
are compacted into a ring during cytokinesis. When the nucleus is displaced from the 
center of the cell, nodes form off-center at the cortex overlaying the nucleus and the ring 
forms there as well.  




In S. pombe, microtubules are not directly required for positioning the division plane 
(Chang et al., 1996; Sparks et al., 1999). Cell division occurs through assembly and 
contraction of an actin based cytokinetic ring. The position of the ring corresponds with 
interphase nuclear position, even when the nucleus is displaced by centrifugation ((Daga 
and Chang, 2005), Figure 0-2). The gene mid1, encoding an anillin like protein, was 
identified to be responsible for proper placement of the contractile ring. In the mutant of 
mid1 cells divide at random positions and non-orthogonally (Chang et al., 1996). 
Localization of Mid1 has been examined through immunostaining (Bahler et al., 1998a) 
and live fluorescence microscopy (Paoletti and Chang, 2000). In interphase, Mid1 
localizes to the inside of nucleus and to nodes in a medial cortical band. At the onset of 
mitosis, nuclear Mid1 is exported to the medial cortex and recruits other ring proteins to 
the nodes. Together these proteins condense into a compact ring (Rincon and Paoletti, 
2012; Wu et al., 2003b). In multinucleated cells and in cells where the nucleus had been 
displaced by centrifugation or by microtubule depolymerization, interphase Mid1 still 
localizes to dots in the cortical band overlaying the nucleus and initiates ring assembly 
(Daga and Chang, 2005; Paoletti and Chang, 2000). Mid1 is thought to bind and recruit 
other ring proteins, such as the IQGAP Rng2, myosin II Myo2 and the formin Cdc12 to 
the medial node structures for ring assembly. Indeed, artificially targeting these proteins 
to the medial cortex in mid1 mutant restores the ring to its medial position, but the ring is 
not able to track the nucleus (Tao et al., 2014). These data suggest that Mid1 serves as a 
link between the nucleus and the future cleavage furrow and enables the nucleus to 
dynamically place the division plane. Therefore, maintaining the localization of Mid1 in 





How is Mid1 localized to the medial cortical nodes? At least three mechanisms are used 
to ensure the medial cortical localization of Mid1: nuclear shuttling, polar inhibition by 
other proteins, and the interaction with other node proteins. Nuclear shuttling is possible 
since Mid1 contains both a nuclear localization sequence and a nuclear export sequence 
(Paoletti and Chang, 2000). To test it, a Mid1 mutant with mutations in its C terminal 
nuclear localization sequence and N terminal nuclear import sequence was generated. 
This protein localizes exclusively to the cell cortex but is absent from the nucleus. In this 
mutant, the position of the nucleus and Mid1 are decoupled, and the contractile ring still 
forms in the cell center even when the nucleus is shifted away (Almonacid et al., 2009). 
On the other hand, inhibiting Mid1 nuclear export by either the exportin inhibitor 
leptomycin B or mutating its nuclear export sequence leads to loss of function (Paoletti 
and Chang, 2000). The polar inhibition of Mid1 localization is partially achieved through 
Pom1, which inhibits localization of Mid1 as well as other node components such as 
Cdr2 at the cell ends. In the absence of Pom1, Mid1 and Cdr2 disperse to the non-
growing end of the cell, leading to non-medial and non-orthogonal division plane 
(Almonacid et al., 2009; Bahler and Pringle, 1998; Celton-Morizur et al., 2006; Martin 
and Berthelot-Grosjean, 2009; Moseley et al., 2009; Padte et al., 2006). Other node 
proteins may also help anchor Mid1 at the medial cortex of the cell. Cdr2 is known to 
bind to Mid1 and has been shown to partially restrain the Mid1 nuclear shuttling mutant 
in the middle of the cell (Almonacid et al., 2009). Node proteins Blt1, Gef2, and Nod1 
(Jourdain et al., 2013; Moseley et al., 2009) function in stabilizing Mid1 in cortical nodes 




domains of both Mid1 and Blt1 leads to detachment of nodes from the medial cortex 
(Guzman-Vendrell et al., 2013; Ye et al., 2012). In addition to these three mechanisms, 
the endoplasmic reticulum has been identified as an additional factor in localizing Mid1 
to the medial cortex of the cell. Compromising the tubule making proteins in the 
endoplasmic reticulum results in dispersed Mid1 distribution which leads to 
misplacement of the cytokinetic ring (Zhang et al., 2010). Taken together, various 
pathways work together to ensure the proper placement of the division plane.  
 
In rod-shaped E. coli and B. subtilis cells, division occurs at the cell middle. A tubulin-
like protein, FtsZ, forms a ring which recruits other protein components to assemble a 
divisome complex, which marks the site of future cleavage (Lutkenhaus et al., 2012). As 
a result, regulating the position of the Z ring is essential in regulating where cell division 
takes place. At least two mechanisms are involved to regulate division site placement: the 
Min system and nucleoid occlusion (reviewed in (Bramkamp and van Baarle, 2009)). The 
MinCD proteins (the components of the Min system) predominantly occupy the cell 
poles, inhibiting the assembly of FtsZ, leaving the cell middle the most favorable place 
FtsZ can assemble (Lutkenhaus, 2007). When the MinCD system is disrupted, cells 
divide non-medially and form minicells (Adler et al., 1967). E. coli and B. subtilis cells 
employ different mechanisms to ensure the polar dominance of MinCD proteins. In E. 
coli, a pole to pole oscillation of membrane bound MinD is present, and MinC shows a 
matching oscillation pattern (Hu and Lutkenhaus, 1999; Lutkenhaus, 2007; Raskin and de 
Boer, 1999a, b). In B. subtilis, the protein DivIVA, which preferentially localizes to the 




2008; Edwards and Errington, 1997; Patrick and Kearns, 2008). In nucleoid occlusion, 
the assembly of FtsZ is inhibited in the vicinity of the chromosome (Mulder and 
Woldringh, 1989; Wu and Errington, 2012). Noc, a DNA binding protein in B. subtilis, is 
responsible for nucleoid exclusion. Loss of Noc leads to bisection of the chromosome in 
elongated cells (Wu and Errington, 2004). Similar to Noc in B. subtilis, SlmA works as 
an effector in nucleoid occlusion in E. coli (Bernhardt and de Boer, 2005). Since Z rings 
form at the mid-cell even in the absence of both the Min system and nucleoid occlusion 
under certain condition, other mechanisms have recently been proposed (Bailey et al., 
2014; Moriya et al., 2010; Pazos et al., 2014; Rodrigues and Harry, 2012). For instance, 
the site of DNA replication initiation may determine the future Z ring assembly site 
(Moriya et al., 2010). Thus, cells ranging from bacteria, yeasts, plants to animals use a 
variety of mechanisms to ensure the temporal and spatial coordination of DNA 
segregation and cytokinesis.    
 
The Cytokinetic Machinery 
The contractile ring 
In the 1970s, actin filaments and myosin were discovered to be enriched at the cleavage 
site in dividing animal cells and shown to be required for cytokinesis (Mabuchi and 
Okuno, 1977; Schroeder, 1972, 1973). This medial actomyosin structure was named the 
“contractile ring” and shown to have contractile properties, similar to contractile units in 
muscle. Studies in yeast and animal cells reveal that the core components of the ring are 
largely conserved. The contractile ring assembles underneath the plasma membrane and, 




address how the ring assembles, how the ring is organized, how the contractility is 
generated, and what are the other functions of the ring besides its contractility.  
 
The cytokinetic ring in S. pombe is the best understood contractile system. Assembly of 
the ring starts with a broad band of Mid1 nodes at the medial cortex of the cell. These 
nodes then mature, recruit other proteins, and condense into a compact contractile ring. 
After mitosis, the ring starts to constrict (Bathe and Chang, 2010; Lee et al., 2012; 
Pollard, 2008; Pollard and Wu, 2010; Wu et al., 2003b).  
 
Molecular genetic studies have identified and characterized proteins involved in each of 
these steps. Mid1 along with the kinases Cdr1, Cdr2, Wee1, kinesin Klp8, RhoGEF Gef2, 
and Blt1 localizes to the nodes during interphase (Martin and Berthelot-Grosjean, 2009; 
Moseley et al., 2009). Upon Mid1 activation by Polo-like kinase Plo1 (Almonacid et al., 
2011; Bahler et al., 1998a; Paoletti and Chang, 2000), these proteins recruit other proteins 
to the nodes such as IQGAP protein Rng2 (Eng et al., 1998), type II myosin heavy chain 
Myo2 (Kitayama et al., 1997; Motegi et al., 2000), two myosin light chains, the essential 
chain Cdc4 (McCollum et al., 1995) and the regulatory chain Rlc1 (Naqvi et al., 2000), 
the F-BAR protein Cdc15 (Carnahan and Gould, 2003; Fankhauser et al., 1995), and the 
ring formin Cdc12 (Chang et al., 1997). In this phase of node assembly, the presence of 
Mid1 is critical since without it, nodes are not observed (Wu et al., 2003b). Actin, the 
tropomyosin Cdc8 (Balasubramanian et al., 1992; Streiblova et al., 1984), and the actin 
cross-linking protein α-actinin Ain1 then join in the nodes (Wu et al., 2003b). The formin 




et al., 2013; Feierbach and Chang, 2001). Actin on these nodes can come from both de 
novo synthesis at the division site and from transport of pre-existing filaments to the 
division site (Coffman et al., 2013; Huang et al., 2012; Pelham and Chang, 2002b). 
However, de novo synthesis of actin appears to be the predominant source (Coffman et 
al., 2013; Pelham and Chang, 2002b).  
 
The contractile ring is then formed by the condensation of the broad band of nodes. Two 
models have been proposed for ring assembly: from a single spot (Spot model) (Arai and 
Mabuchi, 2002; Chang, 1999) and from a broad band of nodes (Search-Capture-Pull-and-
Release model) (Vavylonis et al., 2008; Wu et al., 2006). In the spot model, actin 
filaments on the ring originate from one or very few Cdc12 containing spots forming an 
actin “aster”, and this aster develops into a ring. In the Search-Capture-Pull-and-Release 
model, formins at the nodes nucleate short actin filaments which are captured by nearby 
nodes. Using the force exerted from myosin, the nodes are pulled together transiently and 
released again. These transient pulling forces are sufficient to dynamically align the 
nodes together into a compact ring.   
 
During the maturation phase (before the ring starts to constrict), other proteins arrive at 
the ring (Wu et al., 2003b) such as another type II myosin heavy chain Myp2 (Bezanilla 
et al., 1997; Bezanilla et al., 2000) and the F-BAR domain protein Imp2, which together 
with the other F-BAR domain proteins Cdc15 and Rga7 stabilizes the ring (Demeter and 




cytokinetic proteins start to form nodes during interphase and at mitotic onset, more 
proteins are recruited to the division site.  
 
In animal cells, activated RhoA at the narrow equatorial cortex marks a starting point of 
cytokinesis (Glotzer, 2005; Jordan and Canman, 2012). This localized RhoA activation 
depends on the centralspindlin complex which contains a RhoGAP (CYK-4), RhoGEF 
(Ect2), and kinesin-6 (Glotzer, 2009). The RhoGAP here has been shown to not only 
activate RhoA but also inhibit Arp2/3 activity through RacGTPase (Canman et al., 2008). 
RhoA activates actin filament assembly on the ring by promoting formin activity (Fededa 
and Gerlich, 2012). Formins involved in contractile ring assembly include CYK-1 in 
Caenorhabditis elegans (C. elegans) (Severson et al., 2002), mDia2 in humans 
(Watanabe et al., 2008), and Diaphanous in Drosophila (Castrillon and Wasserman, 
1994). Myosins are activated by RhoA through kinases such as ROCK which inhibits the 
phosphatase of myosins (Matsumura, 2005). Anillin proteins play a scaffolding role in 
organizing the contractile ring (D'Avino, 2009), and have been shown to interact with 
numerous cytokinetic factors including septins, actin filaments, Rho, RhoGEF, and 
RhoGAP (Piekny and Maddox, 2010). In Drosophila, anillin is essential for organizing 
the contractile ring but it is not responsible for recruiting actin or myosin (Somma et al., 
2002; Straight et al., 2005). In C. elegans, anillin is not essential but may be responsible 
for the robustness of the ring (Maddox et al., 2007). In human cells, anillin mutants show 
severe cytokinesis defects after the early furrow formation during ingression (reviewed in 
(D'Avino, 2009)). Other molecules are also involved in assembly of the contractile ring: 




phosphatidylinositol phosphates play an important role in organizing the actin 
cytoskeleton and membrane trafficking (Brill et al., 2011).  
 
Another question is how these ring components are spatially organized so that the ring 
can carry out its function in generating and maintaining contractility. One initial 
hypothesis was that the ring is organized similarly to acto-myosin based muscle fibers in 
sarcomeric units. However, evidence shows that the ring is less ordered and actin and 
myosin filaments are not perfectly aligned and parallel to the membrane (Kamasaki et al., 
2007; Maupin and Pollard, 1986).  
 
In the mature ring of S. pombe, the number of molecules of each component has been 
estimated using quantitative imaging. There are on average 2900 myosin Myo2, 16100 
Cdc15, and 300 Cdc12 molecules on the ring (Wu and Pollard, 2005). Electron 
microscopy reveals 1000~2000 actin filaments on a ring with an average length of 0.6 
µm (Kamasaki et al., 2007). However, the detailed structure and organization of the ring 
still remain poorly understood.  
 
The ring is a highly dynamic structure. Dynamic behaviors of ring proteins, particularly 
actin and myosin, before and during ring constriction are observed in many species, 
((Murthy and Wadsworth, 2005; Pelham and Chang, 2002b; Uehara et al., 2010a; 
Yumura et al., 2008), reviewed in (Pollard, 2010)). In S. pombe, rings with smaller 
diameter show shorter actin filaments suggesting shortening of actin filaments during 




loss of the actin ring (Pelham and Chang, 2002b), which indicates that constant actin 
polymerization and depolymerization occur. Fluorescence recovery after photobleaching 
(FRAP) studies also reveal the turnover of ring proteins. Cdc4, Cdc8, Myo2, Cdc15, 
Rlc1, and Rng2 all show relatively short time scale of recovery (Clifford et al., 2008; 
Pelham and Chang, 2002b; Sladewski et al., 2009; Wong et al., 2002). Over the time 
course of ring constriction, the number of myosin II Myo2 molecules does not change 
(thus increasing concentration) but the concentration of other ring proteins remain the 
same (Wu and Pollard, 2005).    
 
How the ring actually constricts is still not clear, but based on the dynamic behavior of 
the ring proteins, many mathematical models have been proposed (Biron et al., 2005; 
Carvalho et al., 2009; Jung and Mascagni, 2014; Zumdieck et al., 2007). Given the fact 
that the contractile ring constricts linearly at almost constant speed (Pelham and Chang, 
2002b; Zumdieck et al., 2007) and this speed is proportional to the initial diameter of the 
cell (Calvert et al., 2011; Carvalho et al., 2009), one interesting model is the structure 
memory model (Carvalho et al., 2009). Here, a fixed number of contractile units are 
present on the ring and their shortening leads to constriction. The number of the 
contractile units does not change over time and cells with larger diameter have more units 
initially than those with a smaller diameter.  
 
The mechanism driving the constriction of the ring is also not clear. It could be the 
tension exerted by the binding activity of motor proteins to the actin ring. This was 




where this mutant can rescue ring constriction in NM II knockout COS7 cells (Ma et al., 
2012). Other models of contractility generating mechanism are supported by theoretical 
work. In one model, constriction may be achieved through myosin motor activity (Biron 
et al., 2005; Carlsson, 2006), while actin depolymerization is the driving force in another 
theoretical model (Dickinson et al., 2004; Zumdieck et al., 2007). Evidence from budding 
yeast shows that inhibition of actin depolymerization slowed down ring contraction 
(Mendes Pinto et al., 2012). In S. pombe, in vivo studies show that actin polymerization, 
functional Cdc15, Cdc12, and properly phosphorylated myosins but not the actin severing 
protein cofilin Adf1 are needed for proper ring constriction (Chen and Pollard, 2011; 
Pelham and Chang, 2002b; Roberts-Galbraith et al., 2010; Sladewski et al., 2009). S. 
pombe ring constriction can also be studied in vitro. In these experiments, fission yeast 
cells with contractile rings were permeabilized to obtain cell ghosts and complete rings 
and these in vitro rings undergo fast ATP dependent contraction. Not entirely consistent 
with the in vivo findings, these experiments indicate that ring contraction requires myosin 
II but is independent of actin turnover, Cdc12, Cdc15, and Adf1 (Mishra et al., 2013). 
However, this system may not reflect the true dynamics within the cell since contraction 
in vitro is much faster than in vivo and the ring constricts into a cluster instead of 
depolymerizing itself at the end. In a spheroplast system where the cell wall is digested 
but the cell membrane remains intact, the ring is able to form. Instead of pinching the cell 
it slides sideways and this sliding rate depends on myosin (Stachowiak et al., 2014). 
These data suggest that myosins may generate contractility during constriction and actin 
depolymerization may not be essential for constriction even though it is important for 




regarding Cdc12 and Cdc15 may be due to the fact that the actin ring in vitro loses its 
dynamics and ring protein components need to communicate with other machineries in 
the cell such as plasma membrane and cell wall. The detailed mechanism of ring 
constriction and the exact function of the ring in cytokinesis need to be studied.  
 
The counterpart of the eukaryotic contractile ring in bacteria is the tubulin like GTPase 
FtsZ based Z ring (Bi and Lutkenhaus, 1991). When the FtsZ ring is assembled, it in turn 
recruits other cytokinetic factors to the division site in an FtsA dependent manner. Then 
the Z ring becomes a mature divisome which coordinates with membrane invagination 
and septum peptidoglycan synthesis (reviewed in (Lutkenhaus et al., 2012)). Outstanding 
questions are how the Z ring is assembled, how the Z ring is organized, and what the 
function of the Z ring is during constriction. 
 
The membrane bound FtsA together with ZipA anchors FtsZ filaments to the cell cortex 
(Pichoff and Lutkenhaus, 2002). An engineered FtsZ, whose FtsA and ZipA binding sites 
are replaced with a membrane targeting sequence, was expressed in vitro. When this 
protein was encapsulated in tubule-like liposomes, a ring like structure self-assembled 
and was able to generate constrictive force (Osawa et al., 2008). Therefore, FtsZ, along 
with other membrane targeting binding partners, may self-assemble into a filamentous 
ring structure. To visualize the Z ring in vivo, different high-resolution imaging 
techniques were used. A common observation from imaging the Z ring with fluorescently 
tagged FtsZ is that the ring is a heterogeneous structure composed of short 




under debate ((Biteen et al., 2012; Fu et al., 2010; Holden et al., 2014; Li et al., 2007) and 
reviewed in (Meier and Goley, 2014)).  
 
In vitro reconstitution of Z rings in liposomes suggests that the ring can generate force to 
bend the membrane (Osawa et al., 2008, 2009), but the mechanism of force generation is 
still not clear. It was proposed that if there is intrinsic curvature of the FtsZ 
protofilaments it can then generate a pulling force against the membrane (Erickson et al., 
2010) but two pieces of evidence challenged this hypothesis: artificial FtsZ rings need 
constant GTP hydrolysis to maintain contractility, and artificial FtsZ filaments can adapt 
to membranes with different curvatures, suggesting that there might be no intrinsic 
curvature (Meier and Goley, 2014).  
 
The polar contractile network 
Although there has been much focus on the contractile ring, recently the importance of 
the contractility of the cortex over the whole cell has been appreciated. As the furrow 
ingresses during cytokinesis in animal cells, the polar cortical tension needs to be 
regulated. Intuitively, if we think of a cell as an elastic balloon, pinching the cell at the 
middle requires that the cortical tension on the sides is released. Indeed, disrupting the 
globally distributed actin cross-linker cortexillin I and the small GTPase RacE in 
Dictyostelium resulted in accelerated furrow ingression, suggesting that global cortical 
tension may work as a negative regulator of furrow ingression (Zhang and Robinson, 
2005). It has been hypothesized that this negative regulation ensures that the 




Moreover, in HeLa cells, increased polar cortical tension leads to unstable cytokinesis or 
even cytokinesis failure. Under normal conditions, such instability is thought to be 
buffered by blebbing of the plasma membrane at the polar regions, releasing the pressure 
(Sedzinski et al., 2011). Recent theoretical work using variational approach (a variational 
calculus based method to find extrema of functions) to minimize membrane bending 
energy suggests that symmetric fission of the cell is less favored than asymmetric 
division (Almendro-Vedia et al., 2013). This may underline the importance of regulation 
of polar contractility during the process of cytokinesis. In symmetric human cell division, 
some cells have asymmetrically positioned spindles after early anaphase. This asymmetry 
is corrected by asymmetric membrane elongation where the cortex closer to the spindle 
has reduced amounts of anillin and myosin (thus presumably reduced cortical tension) 
and elongates with respect to the cell (Kiyomitsu and Cheeseman, 2013).  
 
In some asymmetrically dividing cells, the regulation of polar contractility becomes more 
important. In C. elegans Q neuroblasts, cell division is asymmetric and the small anterior 
cell will undergo apoptosis. Myosin II accumulates more at the anterior cortex and partial 
inactivation of it leads to more equal sized daughter cells (Ou et al., 2010). In the 
asymmetric division of Drosophila neuroblasts, furrow proteins including myosin 
preferentially localize to the cortex that will give rise to the small daughter cell 
(Cabernard et al., 2010). These findings suggest that cortical tension may help distribute 






Membrane trafficking may deliver membrane and membrane bound factors to the plasma 
membrane for cytokinesis. The total surface area of plasma membrane increases during 
cytokinesis, and membrane trafficking may contribute to this increase. In this section, 
membrane trafficking events in plant, animal, and fission yeast cells will be discussed.  
 
In plant cells, membrane trafficking has been found to play a major role in cytokinesis. 
Cytokinesis is driven by targeted delivery of membrane to the division site to form the 
future plasma membrane and the nascent cell wall between the daughter cells. A 
microtubule and actin based phragmoplast is formed at the center of division plane to 
template a temporary membrane bound organelle, the cell plate. The cell plate then 
expands at the margin and fuses with the plasma membrane, thus one cell becomes two 
(Jurgens, 2005a, b). In the following paragraphs, plant membrane trafficking during 
cytokinesis, the origin of cell plate membrane, sorting of membrane to the division site, 
membrane fusion at the cell plate, and cell plate expansion will be discussed.  
 
The origin of cell plate membrane is still not clear, but it is thought that both secretory 
vesicles derived from Golgi and endocytic vesicles are involved (Van Damme et al., 
2008). Using a GFP-Golgi marker, the Golgi apparatus is observed to redistribute to the 
position of future cell plate during telophase and cytokinesis, suggesting that Golgi 
derived vesicles may contribute to cell plate formation (Nebenfuhr et al., 2000). In 
tobacco Bright Yellow 2 (BY-2) cells, treatment with Brefeldin A (BFA) leads to an 




BFA in animal cells (Ritzenthaler et al., 2002) and in this case the disassembly of 
microtubules in the phragmoplast and the assembly of the cell plate are inhibited 
(Yasuhara and Shibaoka, 2000). Moreover, in Arabidopsis, mutation of a BFA resistant 
ARF GEF leads to failure of cell plate formation upon BFA treatment (Reichardt et al., 
2007), further suggesting that secretory vesicles are needed for building the cell plate. 
Endocytosis from the cell surface becomes more active during cytokinesis, and the 
inhibition of endocytosis has a negative effect on cell plate formation (Dhonukshe et al., 
2006). Interfering with clathrin function leads to aberrant cell plates (Tahara et al., 2007), 
but this may be due to other functions of the clathrin in the cell. Therefore, both secretory 
vesicles and endocytic vesicles may contribute to the formation of cell plate.      
 
How do vesicles know where to go during cytokinesis? It was suggested that during M 
phase, targeting vesicles to the cell plate is the default pathway and a sorting signal is not 
required (Jurgens, 2005a).  
 
Membrane delivery to the cell plate involves at least SNARE proteins (Lipka et al., 
2007), and their regulators Rab GTPases (Zerial and McBride, 2001). Mutation of the 
well-studied Arabidopsis t-SNARE syntaxin KNOLLE (Qa-SNARE) leads to cytokinesis 
failure and accumulation of unfused vesicles at the division plane (Sanderfoot et al., 
2000). Another t-SNARE, the interacting partner of KNOLLE, SNAP33 is also required 
for cytokinesis (Heese et al., 2001). Efforts have been made to identify the corresponding 




2011; Zheng et al., 2002). The putative R-SNAREs VAMP721 and VAMP722 were 
shown to be required for cell plate formation (Zhang et al., 2011).  
 
Cell plate expansion from center of the cell to the periphery involves targeted delivery of 
membrane to the lateral margin of the cell plate and active endocytic budding from the 
cell plate to shape the cell plate (Jurgens, 2005a; Van Damme et al., 2008). The 
molecular details of targeted delivery of vesicles to the cell plate margin are not clear but 
the lateral translocation of phragmoplast microtubules – microtubule depolymerization at 
the cell plate center and polymerization at the periphery – likely plays a role (Granger 
and Cyr, 2000). The microtubule stabilizing drug taxol inhibits cell plate expansion 
(Yasuhara et al., 1993), indicating that depolymerization of microtubules at the cell 
center is necessary for cell plate expansion. It is estimated from electron tomographs that 
about 70% of the membrane surface and volume at the cell plate is removed during the 
maturation process. Moreover, clathrin coated vesicles are also observed near the cell 
plate (Otegui et al., 2001; Segui-Simarro et al., 2004; Segui-Simarro and Staehelin, 2006) 
and the dynamin-like protein ADL1A forms a ring-like structure at the cell plate 
membrane network (Otegui et al., 2001), suggesting that clathrin-coated budding is 
responsible for the removal of excessive membrane at the cell plate. Other pathways may 
also be involved in removing membrane from the cell plate. Trafficking from cell plate to 
endoplasmic reticulum via the COPI machinery and from cell plate to multi-vesicle 
bodies via ESCRT pathway have both been suggested (reviewed in (Van Damme et al., 




be recycled for membrane addition at the cell plate periphery, but no direct evidence has 
been found (Van Damme et al., 2008).   
 
Although the role of membrane trafficking is less pronounced in animal cells, it is 
important during the cleavage process and particularly during the final abscission step 
(reviewed in (Albertson et al., 2005; McKay and Burgess, 2011)). As in plant cells, 
targeted delivery of vesicles provides the source of membrane addition, in some animal 
cells, excessive membrane pre-stored on the plasma membrane might be used as a source 
as in Drosophila montana (Fullilove and Jacobson, 1971) and Xenopus laevis (Denis-
Donini et al., 1976). In the following section only the membrane trafficking from the 
cytoplasmic pool in animal cells will be discussed.  
 
Classically, the membrane delivered to the cleavage site is thought to be Golgi derived. 
Disassembly of the Golgi by BFA (Donaldson and Jackson, 2000) leads to final 
abscission failure in C. elegans (Skop et al., 2001) and inhibits furrow progression during 
cellularization in Drosophila (Sisson et al., 2000). A mutant of conserved oligomeric 
Golgi (Cog5) homolog in Drosophila spermatocytes exhibits ingression failure (Farkas et 
al., 2003). Almost one third of the proteins identified in the midbody proteome are 
involved in secretory vesicle trafficking; RNAi of homologues in C. elegans reveal that 
many of these contribute to cytokinesis (Skop et al., 2004). Golgi derived vesicles are 
associated with the cleavage furrow. Scanning electron microscopy (SEM) reveals 




microtubules via nocodazole treatment halts the expansion of membrane, suggesting that 
transport of exocytic vesicles may be microtubule dependent (Danilchik et al., 2003).   
 
Another origin of membrane can be the recycling endosome (RE). The original finding 
was that endocytosis plays an important role in cytokinesis (reviewed in (Montagnac et 
al., 2008)), leading to studies on the role of the RE. Since the primary membrane 
trafficking target of the RE is the plasma membrane, it is a good candidate for membrane 
addition to the cleavage furrow. The small GTPase Rabs are responsible for vesicle 
sorting, trafficking, and organization of the RE (Maxfield and McGraw, 2004). C. 
elegans Rab11 localizes to the RE and is responsible for delivering vesicles to the plasma 
membrane from the RE, RNAi of Rab11 leads to furrow regression after initiation (Skop 
et al., 2001; Ullrich et al., 1996). During meiotic cytokinesis of Drosophila 
spermatocytes, mutation of Rab11 leads to abnormal actomyosin ring constriction and the 
accumulation of Rab11 enriched vesicles around the equatorial membrane (Giansanti et 
al., 2007). In early Drosophila embryo development, reducing the level of Rab11 causes 
defects in metaphase furrow formation (Riggs et al., 2003). Actin recruitment is also 
defective, suggesting that the RE pathway may deliver factors to the cleavage furrow that 
are important for cytokinesis (Riggs et al., 2003). Moreover, during cellularization in 
Drosophila, non-muscle myosin is recruited to the cleavage furrow in an actin-
independent microtubule-dependent manner; these myosins do not colocalize with Golgi 
derived vesicle markers (Albertson et al., 2008), suggesting that the RE may play a role 





As in plant cells, vesicle fusion at the cleavage site is important in animal cell 
cytokinesis. However the study of t-SNARE syntaxin mediated vesicle fusion is 
challenging in animal cells since it is usually essential (Albertson et al., 2005). In 
Drosophila spermatocyte meiosis, syntaxin-5 s shown to be required for cytokinesis (Xu 
et al., 2002). RNAi analysis in C. elegans embryos provides an effective tool to study 
syntaxins. Knock-down of one of the syntaxins, Syn-4, leads to multinucleated cells 
(Jantsch-Plunger and Glotzer, 1999), suggesting the role of syntaxin in cytokinesis. 
Moreover, in sea urchin embryos, injecting cells with syntaxin inhibitor BoNT-C1 rather 
than BFA leads to blockage of cytokinesis (Conner and Wessel, 1999). In addition, many 
syntaxin mutants and other SNARE mutants show defects in the final events of 
cytokinesis ((Li et al., 2006; Low et al., 2003; Neto et al., 2013) (see last section of 
introduction).  
 
In S. pombe, membrane trafficking is important for cell separation after the septum 
between two daughter cells has formed. Exocyst components Sec6, Sec8, Sec10, and 
Exo70 localize to the division site in a cytokinetic ring dependent manner and are 
required for cell separation due to their proposed role in delivering enzymes to digest the 
septum (Wang et al., 2002). An essential gene encoding the COP-II vesicle component 
Sec13 has also been shown to be required for cell separation (Poloni and Simanis, 2002). 
The Rab11 homolog Ypt3 is required for exocytosis and mutation of ypt3 leads to 
accumulation of putative Golgi derived vesicles at the division site, extremely thickened 
septa, and multi-septa. Ypt3 localized to the medial region of the cell during cytokinesis 




transport from ER to Golgi leads to reduced Bgs1, the beta glucan synthase important for 
primary septum assembly, at the division site (Cortes et al., 2007; Liu et al., 2002) 
suggesting the importance of membrane trafficking during septum formation and ring 
constriction.  
 
Not surprisingly, the SNARE complex is also thought to be involved in membrane fusion 
at the division site in S. pombe. The v-SNARE synaptobrevin, Syb1 localizes to the 
division site and this localization is Myo52 dependent, suggesting that it has a role in 
cytokinesis (Edamatsu and Toyoshima, 2003). A mutant of the t-SNARE SNAP25 
homolog Sec9 in fission yeast displays a cell separation defect during cytokinesis 
(Nakamura et al., 2005). However, the role of S. pombe syntaxin 1 homolog Psy1 in 
cytokinesis is less clear.   
 
Endocytosis is prevalent at the division site in fission yeast. Endocytosis takes place at 
actin patches at cell ends during interphase and relocates to the division plane during 
cytokinesis (Gachet and Hyams, 2005). Moreover, depletion of WASP (Wsp1), an 
Arp2/3 activator (Lee et al., 2000), leads to slower ring closure (Pelham and Chang, 
2002b). Since actin turnover and membrane trafficking are both needed in fission yeast 
cytokinesis, endocytosis, being both an actin-driven and a membrane trafficking event, 
can be an interesting candidate in regulating cytokinesis. Endocytosis may facilitate the 
turnover of actin and membrane during cytokinesis, regulating the actin ring protein 





Sterol rich membrane domains in fission yeast also regulate cytokinesis. Sterols are 
enriched at the division site in wildtype cells and also in cells with misplaced division 
plane (Wachtler et al., 2003). In SIN mutants, sterols fails to accumulate in the cell 
middle (Wachtler et al., 2003). Sterol rich membrane domains are perturbed in mutants 
and with treatments affecting different aspects of cytokinesis. However, not all these 
mutants or treatments give rise to cytokinesis defects (Carnahan and Gould, 2003; 
Takeda and Chang, 2005; Takeda et al., 2004; Toya et al., 2001; Wachtler et al., 2003). 
Therefore, the role of sterol rich domain in cytokinesis still needs to be investigated.    
 
The extracellular components 
Recently the role of extracellular components such as the extracellular matrix in animal 
cells and the cell wall of fungal and plant cells in cytokinesis is starting to be appreciated. 
In animal cells, the rounding and mitosis of human fibroblast requires biosynthesis of 
hyaluronic acid which is a polysaccharide at the surface of the plasma membrane (Brecht 
et al., 1986). Later, the synthesis, deposition, and post-translational modification of a 
glycosaminoglycan (GAG) chondroitin at the extracellular matrix were shown to be 
required for proper cytokinesis in C. elegans early embryonic development (Hwang et al., 
2003; Mizuguchi et al., 2003; Wang et al., 2005; White and Bednarek, 2003). In 
mammalian cells, it is suggested that sulfated chondroitin is essential for embryonic cell 
division (Izumikawa et al., 2010). Recently, another polysaccharide, the secreted protein 
hermicentin, was discovered to localize to the cleavage furrow and its loss leads to 
furrow retraction during cytokinesis (Xu and Vogel, 2011). In addition to the presumed 




the orientation of the division axis and the division plane (Fink et al., 2011; Thery et al., 
2005). This link between the extracellular matrix and division orientation is partially 
connected through a newly identified actin-focal adhesion associated protein MISP, loss 
of which results in defects in spindle orientation (Maier et al., 2013).    
 
In S. pombe, the extracellular cell wall is of primary importance in cytokinesis. During 
cytokinesis, the septum cell wall grows inward outside the invaginating plasma 
membrane, closely following the ingressing cytokinetic ring. When the cell wall is 
digested, the cytokinetic ring forms and slides sideways, rather than pinching the cell 
(Jochova et al., 1991; Stachowiak et al., 2014). The loss of the cell wall component β (1, 
3)-glucan before ring positioning and septation leads to decoupling of ring constriction 
and septum formation (Munoz et al., 2013). S. pombe cells are under strong turgor 
pressure (~1MPa) ((Minc et al., 2009) and Atilgan et al., personal communication), and 
the constrictive force from the actomyosin ring is calculated to be far less than the total 
force needed to overcome such outward pushing force exerted onto the ~100nm thick 
septum during cell division (Osumi et al., 2006; Proctor et al., 2012; Stachowiak et al., 
2014). These data suggest that the cell wall is both an essential structural component of 
cytokinesis and possibly a force generator for cell division.  
 
The septum cell wall is a trilaminar structure composed of a primary septum flanked on 
either side by secondary septa (Johnson et al., 1973). Primary and secondary septa are 
concurrently assembled during cytokinesis by glucan synthases, including Bgs1, which 




cytokinetic ring (Cortes et al., 2007), Bgs4, which assembles branched β(1, 3)-glucans at 
the secondary septum (Cortes et al., 2005; Martin et al., 2003), and the recently identified 
Ags1, which is responsible for α(1, 3)-glucan synthesis and provides septum strength for 
gradual cell abscission (Cortes et al., 2012). Interestingly, unlike in budding yeast, chitin 
has not been detected in fission yeast vegetative cell walls. There are however genes with 
homology to chitin synthases; the putative chitin synthase Chs1 is dispensable for 
cytokinesis in fission yeast while chs2 mutants only show a mild delay in septation 
(Arellano et al., 2000; Magnelli et al., 2005; Martin-Garcia and Valdivieso, 2006; Matsuo 
et al., 2004; Sietsma and Wessels, 1990).   
 
The primary function of RhoGTPases in fission yeast is to regulate cell wall synthesis. 
Six RhoGTPases (Rho1 - Rho5 and Cdc42), seven RhoGEFs (Scd1, Gef1 - Gef3, Rgf1 - 
Rgf3), and nine GTPase activated proteins (GAPs) were identified in S. pombe (reviewed 
in (Perez and Rincon, 2010; Sipiczki, 2007) and can also be searched in 
http://www.pombase.org/). Cdc42 is intensively studied and plays a role in polarity 
establishment, maintenance, and a minor role in cytokinesis (reviewed in (Perez and 
Rincon, 2010; Rincon et al., 2007; Rincon et al., 2014)). Rho1 is a regulator for β(1, 3)-
glucan synthase (Arellano et al., 1996) and Rho2 regulates α(1, 3)-glucan synthase via 
protein kinase C Pck2 (Calonge et al., 2000; Katayama et al., 1999). Rho3 works together 
with the formin For3 for polarized cell growth (Nakano et al., 2002). Rho3 is also able to 
suppress the exocyst mutant phenotype (mentioned earlier), suggesting that it has a role 
in cell separation (Wang et al., 2003). Rho4 has been shown to be important for 




degradation (Santos et al., 2003; Santos et al., 2005). Rho5 has a similar structure and 
overlapping function with Rho1 (Nakano et al., 2005).  
 
RhoGEFs are positive regulators of RhoGTPases. The RhoGEFs for Cdc42 are Scd1 and 
Gef1 (Coll et al., 2003; Hirota et al., 2003). Rgf1 - Rgf3 regulate the activity of Rho1 
(Perez and Rincon, 2010), and Rgf3 regulates Rho1 specifically for its function on 
septum formation (Morrell-Falvey et al., 2005; Tajadura et al., 2004). Gef2, as mentioned 
earlier, is responsible for the stability of nodes and binds to Rho1, Rho4, and Rho5 in 
vitro (Guzman-Vendrell et al., 2013; Jourdain et al., 2013; Ye et al., 2012; Zhu et al., 
2013). Gef3 is recently shown to be a GEF for Rho4, loss of which leads to 
mislocalization of Eng1 and Agn1, similar to Rho4 malfunction (Wang et al., 2014).  
 
After ring closure, the abscission of the two daughter cells is executed by carefully 
digesting the primary septum and a band of cell wall surrounding the primary septum 
(septum edging, (Johnson et al., 1973), Figure 0-3). The septum edging is thought to be 
digested by an α(1, 3)-glucanase, Agn1 (Dekker et al., 2004), and the degradation of 
primary septum is facilitated by a putative endo-β(1, 3)-glucanase Eng1 (Martin-
Cuadrado et al., 2005). Loss of Agn1 leads to hyphae-like fission yeast, indicating 
complete septation but defective cell separation (Dekker et al., 2004). However, given 
that the septum edging is digested, it seems that mechanical perturbation is enough to 
break apart two daughter cells, since loss of Eng2 only results in loosely connected 
daughter cells, and cells become separated when new ends (cell ends result from cell 







Figure 0-3: Separation of daughter cells at the end of cytokinesis in S. pombe.   
The septum is a trilaminar structure with a primary septum flanking by secondary 
septum. The separation of the two daughter cells is executed by digesting the primary 







Bacterial cells are encased in a peptidoglycan-based cell wall to form their morphology 
and to counterbalance osmotic pressure (Vollmer, 2008). In E. coli, for example, the FtsZ 
ring is required for septum formation and cell separation (Addinall and Lutkenhaus, 
1996). Peptidoglycan synthases (PBP1A and PBP2 (Vollmer and Bertsche, 2008)) and 
hydrolases (AmiA, AmiB, and AmiC (Heidrich et al., 2001)) are sequentially recruited to 
the division site by the Z ring to build the septum and partially digest the septum in order 
to separate the two daughter cells (Egan and Vollmer, 2013; Peters et al., 2011). 
Interaction of FtsZ with MreB is required for proper translocation of cell wall synthesis 
enzymes from lateral regions of the cell to the division site (Fenton and Gerdes, 2013), in 
order to switch from cell elongation to cell division. Different from S. pombe, the 
synthesis and splitting of the septum in E. coli occur concurrently (Egan and Vollmer, 
2013). How this delicate behavior is regulated is unclear but it may be under several 
levels of control (Peters et al., 2011; Uehara et al., 2010b). Another question that remains 
unclear is whether the Z ring can actually provide enough force to divide the cell or if 
assembly of peptidoglycan is responsible to provide this force.  
 
Finalizing the Cut 
Abscission, the intercellular bridge and the midbody 
The final step of cytokinesis in animals is abscission. An intercellular bridge is formed at 
the last stage of cytokinesis, which is the cytoplasmic connection between two daughter 









Figure 0-4: Abscission of two daughter cells at the intercellular bridge.  
The midbody is present between the two daughter cells at the intercellular bridge. A 







Within the intercellular bridge, the midbody, which shares many similarities with plant 
phragmoplast (Otegui et al., 2005), is thought to be critical in the abscission step. In 
1891, Walther Flemming described the presence of the midbody between two dividing 
daughter cells (Flemming, 1891). Live light microscopy and biochemistry show that the 
midbody contains anti-parallel microtubule bundles, membrane based structures such as 
ER cisternae, Golgi complexes, and multivesicular bodies (Bobinnec et al., 2003; Chen et 
al., 2013; Poteryaev et al., 2005; Skop et al., 2004). In human cells, the midbody is 
surrounded by plasma membrane with an initial diameter of 1-2 µm and then membrane 
is further narrowed down to tightly wrap the midbody (Figure 0-4). The midbody is still 
able to slide within the intercellular bridge (Chen et al., 2013). Also, along with the 
membrane surrounding it, the midbody plays a role as a selective diffusion barrier 
between two daughter cells. As revealed by photobleaching based assays, proteins 
containing cytoplasmic domains cannot diffuse through the midbody at the intercellular 
bridge, but those associated with the outer leaflet of the plasma membrane can (Schmidt 
and Nichols, 2004). A secondary ingression starts at the intercellular bridge on either side 
of the midbody and later this separates the two cells. Endosomal sorting complex 
required for transport (ESCRT) complex is recruited to the midbody and is thought to be 
important for secondary ingression (Carlton and Martin-Serrano, 2007; Guizetti et al., 
2011; Morita et al., 2007). In addition, targeted membrane trafficking to the abscission 





The ESCRT complex 
ESCRT complex is responsible for constricting membranes to generate multivesicular 
bodies and viral budding (reviewed in (Wollert et al., 2009b)). Its role in cytokinesis has 
been demonstrated recently. Knockdown of ESCRT-I/TSG101 and the ESCRT 
associated protein ALIX leads to aberrant cytokinesis in human cells (Carlton and 
Martin-Serrano, 2007; Morita et al., 2007). A microtubule bundling protein at the 
midbody, CEP55 (Martinez-Garay et al., 2006; Zhao et al., 2006), was shown to recruit 
ESCRT-I and ALIX to the midbody (Lee et al., 2008), and in turn these are thought to 
recruit the core complex of ESCRT, ESCRT-III (Carlton et al., 2008). EM tomography in 
human cells reveals a spiral filamentous structure at the midbody, which may be 
filaments of the ESCRT complex (Guizetti et al., 2011). ESCRT-III complex can deform 
membrane and detach vesicles in vitro, making it a desirable candidate to drive secondary 
constriction at the intercellular bridge (Saksena et al., 2009; Wollert et al., 2009a). It is 
interesting that ESCRT-III does not localize to the exact center of the midbody where the 
recruiters of ESCRT-III are, but sides of the midbody in the intercellular bridge (Elia et 
al., 2011), suggesting a sequential targeting of proteins to the abscission site (Guizetti et 
al., 2011). Further, a computational model describing the sliding of ESCRT-III complex 
during abscission was proposed. Sliding of ESCRT-III complex from the central midbody 
is mediated by VPS4 enabled breakage and is used to search for the position of minimal 
membrane elastic energy. The new site of constriction is then set and abscission later 





In one of the two main phyla of Archaea, Crenarchaeota, cell division does not employ 
the FtsZ based ring but is thought to depend on cdv operon controlled genes, three of 
which are the widely conserved genes cdvA, cdvB, and cdvC. Interestingly, CdvB and 
CdvC are shown to be related to eukaryotic ESCRT-III (reviewed in (Ettema and 
Bernander, 2009)). Recently, it has been shown that ESCRT complex along with other 
cytokinetic regulators is required for proper cytokinesis in S. pombe (Bhutta et al., 2014) 
and S. cerevisiae (McMurray et al., 2011), but its detailed mechanism in abscission is still 
not well-studied.  
 
Membrane trafficking to midbody 
As discussed earlier, membrane trafficking from the secretory and endosomal pathway is 
important for cytokinetic abscission (Prekeris and Gould, 2008). Vesicles and proteins 
important for membrane trafficking were observed near the midbody (reviewed in (Chen 
et al., 2013)). The function of vesicle trafficking to the midbody might be to increase the 
membrane dynamics at the intercellular bridge. The diameter of the intercellular bridge 
(200 – 500 nm) is significantly larger than the diameter the constriction zone that 
ESCRT-III is able to attach (50 – 100 nm, the diameter of the ESCRT deformed 
membrane commonly observed in eukaryotic cells) (Chen et al., 2013; Gromley et al., 
2005; Lata et al., 2008). Therefore, to help decrease the diameter of a certain region of 
the intercellular bridge so that ESCRT-III complex can be effectively anchored to the 
membrane, vesicle trafficking to the midbody may play an important role (Chen et al., 
2013). It is clear that components involved in recycling endosome-based membrane 




(Schiel et al., 2011), but whether membrane trafficking dictates the ultimate abscission is 
unclear. In fact, vesicles were not detected at constriction zones during abscission 
(Guizetti et al., 2011). Therefore, membrane trafficking is essential for abscission but 
may only be needed to establish the secondary constriction zone instead of executing the 
final cut. Finally, whether the vesicles delivered to the midbody come from both daughter 
cells or one of the daughter cells is controversial (Goss and Toomre, 2008; Gromley et 
al., 2005).  
 
The severing of microtubule  
Anti-parallel microtubule arrays, which are densely packed in the midbody in the 
intercellular bridge, need to be disassembled so that the intercellular bridge can be finally 
cut (Schiel et al., 2011). One candidate for a regulator of microtubule depolymerization is 
the microtubule severing enzyme spastin (Hazan et al., 1999). Indeed, ESCRT-III is 
shown to recruit spastin to the midbody, and knockdown of spastin leads to delayed 
abscission (Connell et al., 2009; Guizetti et al., 2011; Yang et al., 2008). Treating cells 
with a microtubule depolymerizing drug after furrow ingression suppresses the phenotype 
of delayed abscission during spastin knockdown (Guizetti et al., 2011). Microtubule 
buckling during late telophase at the intercellular bridge may also contribute to 
microtubule severing (Schiel et al., 2011).  
 
Summary 
In this introduction, I have described the initiation of cytokinesis, the cellular machineries 




evolutionally conserved cytokinetic ring. Even though the ring has been extensively 
studied, many aspects of the ring remain unknown. The exact function of the ring might 
be beyond what is traditionally believed. The contractile force of the ring might be 
differently employed by the cell to achieve successful cytokinesis. Also the architecture 
of the ring is still not fully understood and is more complex than the muscle sarcomeres.   
 
In this thesis, I am using the model organism S. pombe to study the contractile ring. The 
contractile force from the ring may not be sufficient to cleave the cell during cytokinesis, 
but at the same time, it is required for efficient cytokinesis. Since the assembly of the 
septum cell wall rather than the constriction of the ring may provide the force for cell 
division (Figure 0-5, (Proctor et al., 2012)), chapter one of this thesis will analyze the 
function of the cytokinetic ring in regulating septum assembly.  
 
A long list of ring proteins has been identified in S. pombe and their dynamics have also 
been measured. In addition, many theoretical models have been proposed to explain the 
organization of the contractile ring. However, the exact architecture of the ring and the 
way proteins work together have not been experimentally characterized. Chapter two 











Figure 0-5: Septum assembly provides the primary force for S. pombe septation.  
S. pombe cells are under strong internal turgor pressure and during cytokinesis, cleaving 
the cell needs to overcome this pressure. A pushing force from septum assembly and 
pulling force from the ring can both counteract turgor pressure but the major force is 
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The contractile ring coordinates curvature dependent septum 
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The functions of the actin-myosin-based contractile ring in cytokinesis remain to be 
elucidated. Recent findings show that in the fission yeast Schizosaccharomyces pombe, 
cleavage furrow ingression is driven by polymerization of cell wall fibers outside the 
plasma membrane, not by the contractile ring. Here, we show that one function of the 
ring is to spatially coordinate septum assembly. We develop an improved method for 
live-cell imaging of the division apparatus by orienting the rod-shaped cells vertically 
using micro-fabricated wells. We observe that the septum hole and ring are circular and 
centered in wild-type cells, and that in the absence of a functional ring, the septum 
continues to ingress but in a disorganized and asymmetric manner. By manipulating the 
cleavage furrow into different shapes, we show that the ring promotes local septum 
growth in a curvature-dependent manner, allowing even a misshapen septum to grow into 
a more regular shape. This curvature-dependent growth suggests a model in which 
contractile forces of the ring shape the septum cell wall by stimulating the cell wall 
machinery in a mechanosensitive manner. Mechanical regulation of the cell wall 










The contractile ring is a ubiquitous, conserved structure used for cytokinesis in animal 
and fungal cells. This actin-myosin-based structure has generally been thought to exert 
contractile force to drive the ingression of the plasma membrane at the cleavage furrow. 
However, recent findings have called into question the primary importance of the ring for 
force production in furrow ingression. In several cell types, cytokinesis has been found to 
proceed in the absence of myosin or myosin-motor activity, including in Dictyostelium 
(De Lozanne and Spudich, 1987), budding yeast (Bi et al., 1998; Fang et al., 2010; Lord 
et al., 2005), fission yeast (Proctor et al., 2012), and mammalian cells (Ma et al., 2012). 
Thus, the functions of the contractile ring remain to be precisely defined.   
 
Fission yeast Schizosaccharomyces pombe serves as a genetically tractable model for 
cytokinesis (Bathe and Chang, 2010; Pollard and Wu, 2010). S. pombe cells are rod-
shaped, unicellular organisms encased in a glucan-rich cell wall that divide by medial 
fission. During cytokinesis, an actomyosin ring, which shares many conserved core 
components with the ring in animal cells (Balasubramanian et al., 2004), forms just under 
the plasma membrane at the medial division site during mitosis. This ring is composed of 
short actin filaments bundled and oriented largely parallel to the plasma membrane 
(Kamasaki et al., 2007), and contains myosin IIs that pull on the actin filaments 
(Bezanilla et al., 1997; Mishra et al., 2013) as well as proteins that link the ring to the 




end of mitosis, the cell wall septum begins to be formed at the site marked by the ring 
(Roncero and Sanchez, 2010). The septum cell wall grows inwards just outside the 
plasma membrane, concurrent with the closure of the cytokinetic ring inside the 
membrane. The septum is a thin (~100-nm thick) trilaminar structure assembled by cell 
wall synthases, which include: Bgs1, which contributes linear β(1, 3)-glucan at the 
primary septum (Cortes et al., 2007), Bgs4, which contributes to branched β(1, 3)-
glucans at the secondary septum (Cortes et al., 2005; Martin et al., 2003), and Ags1, 
which is responsible for α(1, 3)-glucan synthesis (Cortes et al., 2012). 
 
In S. pombe cells, successful cytokinesis requires both the septum and ring. Mutants 
defective in the ring fail to form an organized septum (Chang et al., 1996; Gould and 
Simanis, 1997; Marks et al., 1987; Nurse et al., 1976), suggesting that the ring is needed 
to template the initial location of the septum. Components of the ring may serve to recruit 
the septum assembly machinery to proper locations on the plasma membrane. In mutants 
that cannot form a septum, the ring can form but does not pinch in the membrane, instead 
often sliding on the plasma membrane (Jochova et al., 1991; Stachowiak et al., 2014). 
Force estimates suggest that the ring does not exert nearly enough force to work against 
the high turgor pressure in these cells (Proctor et al., 2012; Stachowiak et al., 2014). 
Recently, we showed that furrow ingression and septum growth can still occur in the 
absence of the actin ring (Proctor et al., 2012). In these experiments, cells that had 
already initiated septation were treated with a high dose of Latrunculin A (LatA) and 
were observed to continue furrow ingression. These findings suggest that cell wall 




ingression in these cells. However, the slower rate of ingression in various ring mutants 
and in LatA-treated cells (Lord et al., 2005; Pelham and Chang, 2002a; Pollard et al., 
2012; Proctor et al., 2012; Sladewski et al., 2009; Tebbs and Pollard, 2013; Yonetani et 
al., 2008) suggests that the ring may positively modulate the rate of ingression. How 
contractile forces exerted by the ring contribute to furrow ingression and septation are not 
understood.   
 
Here, we examine the function of the contractile ring for cytokinesis in fission yeast cells. 
We find that it mediates the spatial coordination of the assembly of the septum, so that 
the septum hole is round and centered. Guided by theoretical considerations 
(Thiyagarajan et al., 2014), we find that the ring may regulate curvature-dependent cell 
wall growth that shapes and guides the assembly of the septum. This curvature 
dependence suggests that actin-myosin-dependent forces from the ring stimulate and 







The cytokinetic ring is required for spatial coordination of septum assembly 
Because rod-shaped fission yeast cells typically lie flat relative to the coverslip, 
conventional approaches to imaging the entire cytokinetic ring usually involve three-
dimensional reconstructions from z-stacks acquired perpendicular to the ring. However, 
spatial resolution is poor in such reconstructions, limiting the ability to determine 
geometric features of the division apparatus. We improved the spatial resolution by 
positioning fission yeast cells vertically in arrays of polydimethylsiloxane (PDMS) 
chambers. These circular chambers were 4 and 6 µm in diameter, which were suitable to 
hold S. pombe cells, which are about 4 µm in diameter (Figure 1-1A). Using this 
approach, we could image the ring and septum in a small number of z images with much 
higher spatial resolution than was possible using conventional approaches. We imaged 
cytokinesis using 2GFP-Bgs4 to mark the septum leading edge (Cortes et al., 2005; 
Cortes et al., 2007) and Rlc1-tomato (myosin regulatory light chain) (Le Goff et al., 
2000) to mark the contractile ring. In wild-type cells at 30 °C, septa ingressed 
centripetally and usually completed cytokinesis within 20 min (Figure 1-1B, upper 
panel). Both the septum and ring formed nearly circular patterns as they closed.  
 
To understand the role of the actomyosin ring in this process, we inhibited F-actin 
polymerization by treating the cells with 200 µM LatA, which leads to the rapid, 




Figure S1-1A). The septum did not immediately change position (or pop back) upon this 
sudden removal of the ring, suggesting that the septum is not visibly stretched by the ring 
(Figure S1-1B). Time-lapse images showed that the septum continued to ingress. 
Interestingly, the septum hole became non-circular and asymmetric relative to the cell 
center during the progression of cytokinesis (Figure 1-1B, lower panel). This suggests 
that actin is needed to maintain a round and symmetric septum hole during ingression.  
 
Since actin affects numerous processes, we tested whether these effects on septum shape 
were dependent specifically on the ring. We found that conditional mutants in ring 
proteins myo2-E1 (myosin heavy chain) (Balasubramanian et al., 1998) and cdc12-112 
(formin) (Chang et al., 1997) display non-circular and asymmetric septa similar to those 
seen in LatA-treated cells. (Figure 1-1C, D). As actin also contributes to membrane 
trafficking, we tested whether inhibition of the secretory pathway or endocytosis causes 
septal shape defects. We found that in cells treated with Brefeldin A (BFA) (Turi et al., 
1994), which disrupts the Golgi apparatus, the septum ingressed more slowly but still 
maintained its circular shape (Figure S1-1D). In an endocytosis mutant wsp1Δ (Basu and 
Chang, 2011; Lee et al., 2000), the septum also ingressed with a circular hole (Figure S1-
1D).  
 
To quantify these effects, we measured the “skewness”, which is the distance that the 
septum deviated from the center of the cellular cross-section, and “circularity”, which 
describes how round a shape is (see Materials and Methods). Skewness was significantly 









Figure 1-1: Spatial coordination of septation by the cytokinetic ring.  
(A) Schematic of fission yeast cells standing vertically in micro-well PDMS chambers. 
(B) Time-lapse images of wild-type live cells. 2GFP-Bgs4 and Rlc1-tomato expressed 
from their native promoters were used to mark the septum and the cytokinetic ring, 
respectively. Cells were grown at 25 °C and imaged with 2 min intervals. Sum of 
intensity projection of confocal images of the medial three slices are shown. Top: Cells 
treated with DMSO imaged as a control at 2-min intervals. Note that the septum hole was 
round and symmetric throughout the whole process. Bottom: Cells treated with 200 µM 
Latrunculin A (LatA) imaged at 4-min intervals. Note that the septum hole becomes non-
circular and asymmetric. (C) Time-lapse images of myo2-E1 (myosin heavy chain) 
mutant cells expressing 2GFP-Bgs4, grown at 25 °C. (D) Time-lapse images of cdc12-
112 (formin) mutant cells expressing 2GFP-Bgs4. Cells were initially grown at 25° C and 
then shifted to 33° C for imaging. Scale bar: 2 µm. (E) Schematic showing septation in 
the absence of a functional ring. (F, G) Boxplots of skewness and circularity of septum 
holes from cells of various strains and treatments (n ≥ 7 cells; see Materials and 
Methods). (F) Quantification of the skewness of septum holes for each condition (see 
Materials and Methods). (G) Quantification of the circularity of septum holes for each 





respectively), but not in wild-type, BFA-treated, and wsp1Δ cells (Figure 1-1F). 
Circularity was significantly decreased in LatA-treated, myo2-E1, and cdc12-112 cells (p-
values = 0.00021, 0.016, 0.00043, respectively), but not in wild-type, BFA-treated, and 
wsp1Δ cells (Figure 1-1G). Taken together, these data show that defects in the cytokinetic 
ring, rather than in general membrane trafficking, are responsible for shape abnormalities 
of the septum. Thus, the ring may function to globally coordinate septum cell wall 
synthesis, thereby keeping the septum hole circular and symmetric (Figure 1-1E). 
 
Asymmetric septum assembly in cells with altered septum shape  
If the cytokinetic ring keeps the septum hole circular, can it actively restore non-circular 
holes to a circular shape? We devised three ways to alter the shape of the septum. First, 
we slightly flattened the rod-shaped cells by applying pressure on the cover slip (Figure 
1-2A, B). This caused the cross-section of the cell and the septum hole to take on a flat-
oval shape. The cross-section of the cell, as marked by fluorescein isothiocyanate 
conjugated lectin (FITC-lectin), did not change over the course of the experiment (Figure 
1-2B). Time-lapse imaging showed that the septum continued to grow (Figure 1-2B). 
Interestingly, the septum hole grew from its original flat-oval shape into a more rounded 
shape, indicating that the growth of the septum was not homogeneous (Figure 1-2B). The 
septum grew 4.0 ± 1.8 times faster in the direction of the long axis than along the short 
axis. The curved part of the septum grew faster than the flat part (Figure 1-2C, D). By 
varying the extent to which we flattened the cells, we observed that the initial height of 
the septum hole negatively correlated with the ratio between the septum growth rates  





Figure 1-2: Septum closure in flattened cells.  
(A) Fission yeast cells were placed between a glass coverslip and glass slide in liquid 
media and gently pressed to produce a flattened shape. Schematic view is shown, with the 
septum in red and ring in green. (B) Time-lapse images of a representative wild-type live 
flattened cell expressing RFP-Bgs4 and Rlc1-GFP. 3D projections of the confocal images 
are shown. Cells were stained with FITC-lectin to mark their boundaries. Images were 
taken at 2-min intervals. Note the change of the shape of the septum hole. Scale bar: 2 
µm. (C) Quantification of septum ingression in a representative cell. Note that the septum 
ingresses faster along the long axis than along the short axis. (D) Comparison of 
ingression rates along the long and short axes in different cells. Blue dots: long axis; red 
dots: short axis. Note that the septum ingresses faster along the long axis than the short 




along the long and short axes (Figure S1-2). Thus, these findings suggest that the shape 
of the septum hole may modulate the local growth of the septum.    
 
Second, we placed cells vertically into PDMS chamber wells and then stretched the 
PDMS chambers. In this procedure, the cross-section of the cells and the division 
apparatus became oval-shaped (Figure 1-3A, S1-3). Time-lapse images showed that the 
oval septum also ingressed faster along the long axis than along the short axis (Figure 1-
3B). Oval shapes were maintained with a roughly consistent speed ratio between the axes 
(Figure 1-3C, D). To address the possibility that effects were due to compression of the 
septum caused by the manipulations, we found similar behavior in cells that formed a 
septum only after the cells were deformed (Figure S1-3B). Imaging of these oval-shaped 
cells in a vertical orientation allowed us to measure the distribution of division proteins. 
The mean fluorescence intensities of Rlc1-tomato on the ring and GFP-Bgs4 along the 
septum leading edge were uniform (Figure 1-3E). In particular, in individual cells, 
fluorescence intensities at regions at the long axis and at the short axis showed no 
differences (average ratio of Bgs4 intensities =1.00 ± 0.07, ratio of Rlc1 intensities = 0.95 
± 0.12, n = 6). Therefore, the asymmetric rates of septum growth along these oval-shaped 
septa were not due to differences in the distribution of these proteins.  
 
Third, we generated more irregular shapes of the septum hole using the formin cdc12-112 
temperature-sensitive mutant. Upon shift to restrictive temperature, cdc12-112 cells 
rapidly lose their actomyosin ring (Pelham and Chang, 2002a), and the septum holes 









Figure 1-3: Septum closure in cells with an elliptical shape.  
(A) Fission yeast cells were placed vertically in PDMS wells as in Figure 1-1A. The 
PDMS slab was then physically stretched in one direction (Figure S1-3A), deforming the 
wells and the cells, which take on an oval-shaped cross section. TRITC-lectin stains the 
cell walls and fortuitously the edges of the PDMS chambers, and GFP-Bgs4 and Rlc1-
tomato marks the septum and the cytokinetic ring, respectively. (B) Time-lapse images of 
wild-type live deformed cells. Sum of intensity projection of the confocal images are 
shown. Scale bar: 2 µm. (C) Asymmetric septum closure in a representative cell. (D) 
Comparison of ingression rates along the long and short axes in different cells. Blue dots: 
long axis; red dots: short axis. (E) Measurements of fluorescence intensities of Rlc1-
tomato and GFP-Bgs4 around the leading edge of the septum. Left plot: Rlc1-tomato; 
right plot: GFP-Bgs4. Fluorescence intensity values were normalized to the mean 
intensity along each septum. Graphs show average values with standard deviation as error 











Figure 1-4: Asymmetric growth of irregularly shaped septa in cdc12-112 formin 
cells.  
(A) Irregularly shaped septa were generated in formin cdc12-112 temperature-sensitive 
mutant cells by growing them at the permissive temperature of 25° C, shifting to the 
restrictive temperature 36° C for 4 min to inhibit the ring, and then back to 25° C for 
various lengths of time. Samples were prepared, fixed, and stained for F-actin with Alexa 
Fluor 488-phalloidin. Cell cycle stages were discriminated with DAPI staining of nuclei 
(see Figure S1-4). Graph shows percentage of cytokinesis-phase cells with a complete, 
partial, or absent/fragmented actin ring. Note that the actin rings appear to re-assemble in 
most cells after ~5 min at the permissive temperature. (B) Schematic showing the 
operation of cdc12-112 cells and changes in the actin ring and the septum shape. (C) 
Time-lapse images of a representative GFP-bgs4 cdc12-112 cell after being transferred to 
the restrictive temperature and then restored to the permissive temperature. Note that 
starting from 6 min, the septum hole gradually grows more regular in shape. Scale bar: 2 
µm. (D) Quantification of septum growth of the cdc12-112 cell in C. The distance labels 
L1, L2, L3, and L4 are color coded as indicated in the diagram on the left. Note that the 





reformed an actin ring in ~5 min (Figure 1-4A). We used this procedure to determine if 
an irregularly-shaped septum can become more circular over time (Figure 1-4B). Indeed, 
we observed that the septum hole gradually grew into a more circular shape in the 
presence of an actin ring (Figure 1-4C; in 4/5 cells observed). This is caused by 
differences in the local growth rates of the septum cell wall along the septum leading 
edge (Figure 1-4D). Taken together, our data suggest that variations in local ingression 
rate may be generally a function of the septum hole shape regardless of the initial shape, 
and act to drive the septum hole toward a circular cross-section. 
 
Septal growth rate is dependent on local curvature 
These experiments suggest that in the presence of a functional ring, local septum growth 
rates depend on the local shape of the septum, with increased cell wall growth at curved 
regions of the septum hole. This result can be explained if the rate of cell wall assembly 
is mechanosensitive to the pulling force of the ring normal to the membrane. Generalized 
from the Law of Laplace (Dai and Sheetz, 1999; Evans and Yeung, 1989; Laplace and 
Mécanique Céleste, 1805; Zhang and Robinson, 2005), the amount of force perpendicular 
to the membrane is dependent on the tension along the membrane (generated by the 
contractile force of the ring attached to the membrane) and is proportional to the local 
curvature (Thiyagarajan et al., 2014). The roughly equal distributions of myosin and actin 
filaments around the ring (Figure 1-3E) (Kamasaki et al., 2007; Motegi et al., 2000) 
suggest that tension in the plane of the membrane is roughly equal along the septum. 
Thus, in this case, force should simply correlate with curvature. This relationship predicts 




on the plasma membrane, while in the flat regions, the ring provides little inward pulling 
force. 
 
To test this mechanical model, we sought to quantify the relationship between local 
septum growth and curvature. We measured the local curvature and the local septum 
growth rate via a semi-automatic MATLAB script based on a contour tracking software 
(Ursell et al., 2014). Consecutive contours of the septum hole were extracted at sub-pixel 
resolution from time-lapse images (see Materials and Methods). As a control, we 
examined an ideal case in which we computationally generated contours of septum holes 
that are concentric circles with similar spatial resolution to our experimental 
measurements. As expected, local curvatures and local growth rates were essentially 
constant, leading to a cluster of data points around one focus (Figure 1-5A). Experimental 
data from wild-type cells showed a similar distribution (Figure 1-5B), reflecting the 
centripetal closure of a circular septum.  
 
However, analyses of time-lapse images of cells with altered septum shapes revealed a 
range of local growth rates. Strikingly, local growth rates across the septum hole 
boundary in a given cell showed a strong positive correlation with the measured local 
curvature in flat-oval and oval shaped septa (Figure 1-5C, D). A positive, but somewhat 
weaker correlation was evident in the irregularly shaped septa (cdc12-112 cell; Figure 1-
5E); the weaker correlation coefficient values may reflect the incomplete recovery of a 
functional ring in this condition. In contrast, in LatA-treated cells without an actin ring, 








Figure 1-5: Growth of the septum cell wall correlates with local curvature.  
Contours of closing septum holes were extracted and analyzed for local cell wall growth 
and local curvature. In each panel, the left scatter plot compares the local curvature 
during septum ingression versus local growth (see Materials and Methods). The right 
plots in each panel show the contours of each septum at the two consecutive time points 
used for the scatter plot (4 min apart in A-E and 12 min apart in F). (A) Simulated 
septation (ideal circular images were created and processed using the above methods); 
(B) wild-type cells during normal growth; (C) cells with flat-oval septum holes as in 
Figure 1-2; (D) cells with elliptical septum hole as in Figure 1-3; (E) cdc12-112 cells 
with irregularly shaped septum holes as in Figure 1-4; and (F) wild-type cells treated with 
200 µM LatA. (G) Comparison of correlations. R values (Pearson correlation 
coefficients) from plots as above, generated from n ≥ 12 time points in 2 to 3 image 




dependent on local curvature, and that this property is dependent on the cytokinetic ring 
(Figure 1-5G). 
 
Mathematical modeling of septum growth based upon curvature dependence 
To test whether curvature-dependent growth is sufficient to recapitulate the trajectories of 
septum hole shape that we observed in our various perturbations, we developed a 
mathematical model to simulate the process of septum ingression. We assume that the 
local growth rate of the septum scales proportionally with local curvature. In simulations 
based on this model, qualitative comparisons of septum hole shape showed that the model 
largely recapitulated experimental results (Figure 1-6, A with D; B with E; C with F); 
quantitative comparison between the shapes in our simulations and those extracted from 
experimental data exhibited a high area of overlap and low comparison error (Figure S1-
5A and Figure 1-6J – L, black line). This agreement for simulations of curvature-
dependent growth was present across cells with different septum hole shapes, and during 
the progress of ingression for single cells. In contrast, in simulations in which the septum 
ingressed uniformly along the septum leading edge, the septum hole did not become 
circular during progression (Figure 1-6G – I) and the errors of simulation are higher 
(Figure 1-6J–L, redline). Thus, our simulations demonstrate that curvature-dependent 
regulation of septum growth can explain the patterns of septum growth seen in the 










Figure 1-6: Mathematical simulations of septum morphologies based upon 
curvature-dependent growth.  
(A – C) Experimental data showing contours of septum holes in time-lapse sequences in 
(A) cells with flat-oval septum holes as in Figure 1-2, (B) cells with elliptical septum 
holes as in Figure 1-3, and (C) cells with irregularly shaped septum holes as in Figure 1-
4. Contours were extracted from the time-lapse images of septum ingression and were 
projected onto the same 2D plane. The interior contours (more blue) are later time points 
of septum ingression than the exterior contours (more red). (D – F) Simulations of 
septum growth assuming curvature-dependent growth. The initial contours were taken 
from the initial frames for the corresponding cell in A - C. The local septum growth 
direction was determined by the average normal over 326.5 nm (5 pixels); the local 
septum growth rate was determined based on the local curvature and their positive 
correlation (see Materials and Methods). All generated contours were projected onto the 
same 2D plane. (G – I) Simulations of septum growth assuming uniform growth. The 
local septum growth direction was determined by the average normal over 400 nm; the 
local septum growth rate was uniform (see Materials and Methods). (J – L) Comparison 
between experimental results and simulations. The error of each frame was calculated 
from the contour of the experimental result and the corresponding simulated contour with 
curvature-dependent (red) and uniform (black) growth (see Materials and Methods). See 






Local concentrations of ring components may also contribute to septum assembly  
We next examined why the septum hole grows into irregular shapes in the absence of the 
functional ring. In the absence of actin, many ring components remain associated with the 
division site, presumably by association with the plasma membrane (Naqvi et al., 1999a; 
Wu et al., 2003b). In LatA-treated wild-type cells labeled with Rlc1-tomato and 2GFP-
Bgs4, Rlc1-tomato in the ring appeared to fragment into numerous pieces on the 
membrane. We found that the septum locally grew faster at regions containing these 
Rlc1-tomato fragments (Figure 1-7A, see also Figure 1-1B). These regions are likely to 
contain many ring proteins, including Cdc12 (Figure 1-7C) and Cdc15 (Figure S1-6A). 
This correlation suggests that fragments containing a subset of ring proteins may promote 
local septum growth. One candidate that might drive septum growth is Bgs1, a β-glucan 
synthase that drives primary septum formation (Cortes et al., 2007). Interestingly, in 
LatA-treated cells and in myo2-E1 mutants, the distribution of GFP-Bgs1 is 
heterogeneous (Figure 1-7D and S1-6D), and the rate of local septum growth correlates 
with the local intensity of GFP-Bgs1 (Figure 1-7D and S1-6D). Therefore, in contrast to 
septum formation in oval-shaped cells in which the ring exhibited even distributions of 
components (Figure 1-3E), in these LatA treated cells or myo2-E1 mutants, the 












Figure 1-7: Ring fragments locally stimulate septum growth in the absence of the 
ring.  
(A) Time-lapse images of live wild-type cells expressing Rlc1-tomato and 2GFP-Bgs4 
treated with 200 µM LatA. Growth rate maps of septum assembly were generated from 
the contour of the septum hole of the image at the current time point and the contour 4 
min later. Local growth amount was measured using the same method as in Figure 1-3. 
Heat map represents the relative local growth rate. The lower panel compares local 
growth of the septum (frame 4 to 6) and the corresponding distribution of Rlc1-tomato 
fluorescence intensity (frame 4). (B) Schematic showing that local septum growth 
correlates with localization of cytokinetic ring components in the absence of a functional 
ring. (C) Time-lapse images of wild-type cells expressing Cdc12-3GFP (formin) and 
Rlc1-tomato (regulatory myosin light chain) treated with 200 µM LatA. Note that these 
proteins still co-localize upon fragmentation of the ring. (D) Time-lapse images of myo2-
E1 cells expressing Tomato-Bgs1 (β-glucan synthase). Growth rate maps and comparison 
between septum growth and Tomato-Bgs1 distribution in frames 5 to 7 are as described 












Figure S 1-1: Effects of actin and membrane trafficking on the septum.   
(A) Latrunculin A (LatA) inhibits F-actin in cells in PDMS wells. We tested whether 
treatment with LatA effectively causes loss of F-actin under the conditions used in Figure 
1-1. To monitor actin in live cells, we used a coronin Crn1-GFP fusion that localizes to 
actin patches (Pelham and Chang, 2001). Similar to the experiment in Figure 1-1, 200 
µM LatA was applied onto fission yeast cells, and then the cells were introduced onto a 
glass slide (conventional orientation) or vertically into PDMS chambers, and imaged. 
Crn1-GFP patches disappear in both conditions upon 1 min of LatA treatment, showing 
that LatA is effective. RFP-Bgs4 localization is actin-independent in the same cells.  
(B) Testing if the cytokinetic ring stretches the septum cell wall. We tested whether 
release of ring tension causes the elastic septum cell wall to snap back, leading to a 
sudden increase in the septum hole diameter. We imaged cells expressing the septum 
marker GFP-Bgs1 in flow chambers just before and after addition of 200 µM LatA. 
Images (top) and graph (bottom) show no detectable change in the size of the septum 
hole (n = 6 cells tested with different sized septum holes).  
(C) RFP-Bgs4 marks the septum cell wall. The plasma membrane marker Psy1-GFP 
(Nakamura et al., 2001) was used to mark the cell membrane. RFP-Bgs4 and Psy1-GFP 
co-localize at the leading edge of the septum, and the fluorescence intensity drops at the 
leading edge.  
(D) Effects of membrane trafficking on the rate of septum ingression. Cells expressing 
GFP-Bgs4 were treated with 100 µg/mL Brefeldin A for 1 min and then imaged for ~30 
min (Turi et al., 1994). Wild-type, BFA-treated cells, and wsp1Δ (WASp) mutants 
defective in endocytosis (Basu and Chang, 2011) were imaged at 30 °C, and rates of 
septum ingression were measured.  n = 5, 4, 5 cells respectively. Images show that 
although the rates of ingression are slower, the septal holes are still circular and centered.  






Figure S 1-2: Asymmetry in septum growth rates correlates with cell shape.  
Cells expressing RFP-Bgs4 and Rlc1-GFP were flattened to varying degrees as described 
in Figure 1-2.  From time-lapse images, we measured the rates of septum ingression 
along the long and short axes. The initial height of the septum hole (along the short axis) 
negatively correlates with the ratio between the rates of septum growth along the long 
and short axes (blue dots). In cells that were not flattened, the ratio was close to 1 (red 







Figure S 1-3: Growth of a septum in an oval shape.  
(A) Experimental method for stretching the PDMS chambers to deform live fission yeast 
cells. A PDMS strip containing chambers filled with yeast cells is stretched and anchored 
with binder clips on a glass slide, covered with a glass coverslip, and imaged on an 
inverted microscope.    
(B) To address a concern that asymmetric septum growth might be due to damage to the 
septum caused by cell deformation, we examined cells that formed septa while in an oval 
shape.  These cells were deformed during mitosis (described in Figure 1-3, S1-3A), 10 
min prior to initiation of septum assembly (arrow). The oval-shaped septa grew with a 
similar behavior as seen in oval-shaped septa described in Figure 1-3. Note that GFP-
Bgs4 is present in cytoplasmic organelles such as endosomes in the early time points. 





Figure S 1-4: Reversible disruption of the actin ring in temperature sensitive cdc12 
formin mutant cells.  
To establish experimental conditions for experiments described in Figure 1-4, we 
examined the effects of temperature shifts on the actin ring in cdc12-112 cells. cdc12-112 
cells were grown at 25 °C, switched to 36 °C for 4 min, and then switched back to 25 °C. 
Samples were fixed and stained with Alexa Fluor 488-phalloidin to show the F-actin 
structures, and with 4’, 6-diamidino-2-phenylindole (DAPI) to identify cytokinesis-phase 
cells. Cells with two nuclei had a complete actin ring at the permissive temperature 
(green arrow), and lost the ring upon switching to restrictive temperature (yellow arrow). 
5 min after switching back to the permissive temperature, most binucleate cells 
reassembled an actin ring (red arrow).  Data such as these were used to generate the 
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Figure S 1-5: Mathematical simulations of septum morphologies based upon 
curvature-dependent growth.  
(A) Schematic showing how contours are compared to evaluate errors. Contours of a 
septum hole from experimental data (green), mathematical simulation (red), and the 
overlapping region of the experimental contour and simulation contour (black dashed 
line). The error of the shape comparison is defined as 1− !Aoverlap
Aexperiment+Asimulation
.  
(B) Simulation of contour evolution.  The diagram shows the individual steps of each 
iteration. Green: experimental frame taken as the input starting point of the simulation. 
Red: simulated contours as they close in an iterative manner. Right panel is a zoom-in of 
the area indicated.   
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Figure S 1-6: Correlation of septum growth with ring fragments in the absence of 
the ring.  
(A) Time-lapse images of ring proteins Cdc12-3GFP and Cdc15-tomato during septum 
ingression upon treatment with 200 µM LatA. These ring components colocalize in ring 
fragments.  
(B) Time-lapse images of myo2-E1 cells with the ring marker Rlc1-tomato expressed 
from its native promoter. The ring is not completely circular but the distribution of rlc1-
tomato is still largely uniform along the ring in the mutant. 
(C) Time-lapse images of wild-type cells expressing GFP-Bgs1 and RFP-Bgs4. Note that 
the GFP-Bgs1 distributes uniformly along the leading edge of the septum, while RFP-
Bgs4 generally marks the septum cell wall.  
(D) Time-lapse images of wild-type cells expressing GFP-Bgs1 and RFP-Bgs4 upon 
treatment with 200 µM LatA. The septum hole closed in a non-circular and asymmetric 
manner. Local growth of the septum cell wall qualitatively correlates with local GFP-






The contractile ring regulates curvature-dependent septum assembly 
Here, we show that the S. pombe contractile ring spatially coordinates the process of 
septum formation, leading to a circular, centered septum hole (Figures 1-2 – 1-4). In the 
absence of F-actin or other ring components, the septum assembles in a disorganized 
manner and adopts highly non-circular shapes (Figure 1-1). In cells with a non-circular 
septum, the division machinery in the presence of a functional ring appears to employ a 
correction mechanism that makes the shape of the hole more circular as the septum 
ingresses, in an actin dependent manner. Our experimental measurements coupled with 
modeling demonstrate that the dynamics of this shape restoration is consistent with 
curvature-dependent septum growth. We speculate that the ability of the ring to globally 
coordinate cell wall synthesis is critical for the orderly and accurate formation and 
closure of the cell wall for proper division. Even in cells of normal morphology, the ring 
may be needed to correct for natural variations in cell wall synthesis around the septum 
(Thiyagarajan et al., 2014). As illustrated by ring and cell wall mutants (Chang et al., 
1996; Cortes et al., 2005; Mishra et al., 2004; Wu et al., 2010), orderly assembly of the 
septum is critical for cell integrity during division: if septum assembly is disorganized 
and the cell wall is not complete, there is a danger of the cell stalling in cytokinesis or 





The strong positive correlation between septum growth rate and hole curvature in a 
variety of morphological situations (Figure 1-5) suggests that the cytokinetic ring 
regulates septum assembly using a force-sensitive mechanism. The ability of contractile 
structures to shape membranes is well known. However, in this case it is likely that the 
ring is not the primary force generator for ingression; calculations suggest that the ring 
cannot exert nearly enough force to counter turgor pressure for division (Proctor et al., 
2012). Rather, the ring likely provides a relatively small amount of pulling force on the 
plasma membrane. The forces perpendicular to the membrane are predicted to be 
curvature dependent: in regions with higher curvature, the cytokinetic ring should exert 
higher inward pulling force on the plasma membrane than in flat regions parallel to the 
plasma membrane. How mechanical force stimulates cell wall synthesis is not yet clear. 
One possibility is that actin filaments in the ring may pull directly on a glucan synthase 
such as Bgs1 or one of its regulators, or pull on the membrane (Proctor et al., 2012). It is 
unlikely that the local curvature of the membrane itself explains these shape effects, as a 
much larger curvature along the long axis of the cell at the edge of the septum is likely to 
dominate the more subtle changes in curvature along the septal hole. The basis for 
mechanical regulation of cell wall synthases will be an interesting question to pursue.  
 
This simple curvature-based model does not account for all properties of ring closure. 
Notably, cleavage furrow ingression in many cell types has been noted to occur at a 
constant rate (Carvalho et al., 2009; Pelham and Chang, 2002a); a model based purely on 
curvature predicts that closure would gradually speed up as curvature increases during 




al., 2011; Carvalho et al., 2009). To explain these behaviors, a model based upon 
contractile units, in which the architecture of the ring changes as it closes, has been 
proposed (Carvalho et al., 2009); in the context of this model, changes in contractile 
forces may offset the effects of the increase in curvature as ingression proceeds. 
 
It is now apparent that the cytokinetic ring has multiple roles in cytokinesis. Previous 
studies showed that the ring is needed for initial marking of the septum site, and 
determines the position and orientation of the division plane. However, how the ring 
recruits the cell wall machinery to this site is not well understood. Here, we have 
examined its roles during closure, after septation has started. We find that in addition to 
force production, the ring has additional functions in stimulating cell wall synthesis. In 
LatA-treated cells, a subset of ring components still localize to the division site in 
fragments (Figure 1-7) (Wu et al., 2003b). Similar abnormal structures have been noted 
in animal cells (Hickson and O'Farrell, 2008). In fission yeast, these fragments are able to 
promote septum growth, but in an uneven manner. Thus, in addition to mechanical 
forces, the ring also serves to spatially distribute the cell wall machinery relatively evenly 
around the leading edge of the plasma membrane.   
 
Actin and cell shape regulation  
These findings provide an example of how contractile structures may use force to 
globally influence cell shape, in this case to shape the septum into a round annulus. 
During cytokinesis in animal cells such as sea urchin, the contractile ring is thought to 




(Rappaport, 1967). However, there has been little quantitation of ring shapes during 
ingression that could be used to directly test such mechanical models. Using a similar 
approach to the one we have presented here, we find that sea urchin embryonic cells also 
generate patterns of closure that are based upon curvature dependence (our unpublished 
results), for instance closing a triangular hole into a round one. In these cells, the 
contractile ring may provide curvature-dependent forces to directly move the membrane. 
Similar membrane closure events guided by purse-string actin structures have also been 
studied in systems such as epithelial wound closure in Drosophila embryos (Abreu-
Blanco et al., 2012) and wound closure in Xenopus eggs (Mandato and Bement, 2001). 
 
In walled cells, there is a growing appreciation for the links between cell wall assembly 
and guidance by the underlying cytoskeleton. In bacteria, the tubulin homolog FtsZ 
(tubulin-like) and the actin homolog FtsA (Bork et al., 1992) recruit downstream proteins 
to guide cell wall assembly and remodeling during cell division (Lutkenhaus et al., 2012; 
Typas et al., 2012). The actin homolog MreB localizes to sites of cell wall assembly 
along the lateral cell walls of rod-shaped bacteria during cell elongation, and its dynamics 
are dependent on cell wall synthesis (Typas et al., 2012; van Teeffelen et al., 2011; White 
and Gober, 2012). In plants, cellulose synthase complexes are similarly guided by 
cortical microtubules (Gutierrez et al., 2009; Paredez et al., 2006). Mechanical stresses 
regulate cell wall shapes, and may regulate microtubule distribution (Landrein and 
Hamant, 2013). In cytokinesis of higher plants, microtubules at the phragmoplast position 
the formation of the cell wall plate at cytokinesis, and actin appears to guide cell wall 




et al., 1997). Understanding how mechanics and the cytoskeleton control the cell wall 




Materials and Methods 
 
Yeast strains and media 
Standard methods for media and genetic manipulations were used. Schizosaccharomyces 
pombe strains used in this study are listed in Table S1-1. Cells were generally grown at 
25 °C in rich YE5S media to exponential phase.  
 
Microfabrication of wells  
Soft lithography methods were used to make polydimethylsiloxane (PDMS) micro-wells 
of varying diameters and spacings. These were cylindrical wells of 4-6 µm in diameter, 
with approximately 20-µm depth in a hexagonal array. The photo mask design was 
generated as printed chrome on mica by Advance Reproductions Corporation (North 
Andover, MA, USA), and a silicon master was fabricated using standard 
photolithography techniques at the Microsystems Technology Laboratory at 
Massachusetts Institute of Technology. 10:1 mixture of PDMS SYLGARD 184 silicone 
elastomer and curing agent (Dow Corning, Midland, MI, USA) was poured onto a master 
and subsequently baked at 50°C for 6 hr. The replica was then peeled off the master. The 
PDMS wells were treated with a plasma cleaner (Harrick Plasma, Ithaca, NY, USA) for 
1-2 min just before addition of the cells. 





A spinning-disc confocal (CSU10; Yokogawa, Tokyo, Japan) inverted microscope 
(Eclipse Ti; Nikon, Melville, NY) with a Hamamatsu EM-CCD camera (Hamamatsu 
Photonics, Hamamatsu, Japan) and 100X 1.4 NA objective with a 1.5X magnifier was 
used for image acquisitions. Imaging was performed at room temperature (25 °C) unless 
otherwise indicated. When necessary (imaging cdc12-112 strains), temperature was 
controlled using an objective heater (Bioptechs, Butler, PA, USA). Image acquisition was 
performed using Micromanager 1.4 (Edelstein et al., 2010).  
 
While imaging cells with a conventional orientation such that the septum is perpendicular 
to the imaging plane, confocal slices were taken in 0.4-µm intervals. The raw images 
were then either processed through 3-D projection or flattened using maximum-intensity 
projection.  
	  
While imaging cells in PDMS vertical chamber wells, cells growing in exponential phase 
were concentrated 25 times by spinning for 10 sec, and 1 µL of concentrated culture was 
spread onto the PDMS chamber wells. The sample was then covered with a coverslip on 
which gentle force was exerted to push the cells in. Typically 10 - 50% of the wells could 
be filled with individual cells. The fields were manually scanned for cells with a ring, and 
then cells were followed by time-lapse imaging. The focus was set at the medial focal 
plane around the septum. Three z slices 0.4 µm apart centered at the medial focal plane 
were acquired to cover the entire septum. Images used for analysis were sum-intensity 






Alexa Fluor 488-Phalloidin (Molecular Probes, Life Technology, Eugene, OR, USA) was 
used for F-actin staining in fixed cells (Chang et al., 1996). DAPI was added at a 
concentration of 1 µg/mL for nucleus staining. Cell wall was stained with fluorescein 
isothiocyanate conjugated lectin (FITC-lectin, Sigma-Aldrich, St. Louis, MO, USA, 
Figure 1-2) or tetramethylrhodamine isothiocyanate conjugated lectin (TRITC-lectin, 
Sigma-Aldrich, St. Louis, MO, USA, Figure 1-3). 
 
Pharmacological inhibitors and drugs 
Latrunculin A (LatA, Sigma-Aldrich, St. Louis, MO, USA) assays were performed by 
concentrating 500 µL of cell liquid culture into 49.5 µL, and then adding 20 mM LatA 
stock in DMSO for a final concentration of 200 µM. At this concentration, we confirmed 
that there was no F-actin detectable by phalloidin staining in the cell. Brefeldin A (BFA, 
Sigma-Aldrich, St. Louis, MO, USA) (Turi et al., 1994) was prepared in ethanol (10 
mg/mL) and kept at 4 °C, and this stock was used as a 100-fold dilution to the final 
concentration of 100 µg/mL.  
 
Image analysis 
Image processing was done using ImageJ (National Institute of Health, Bethesda, MD) 
and MATLAB R2009b (the MathWorks, Natick, MA). Images in a time-lapse sequence 





To quantify skewness and circularity, contours of the septum holes and the outline of the 
cells were extracted manually using ImageJ. Skewness is defined as the ratio between the 
distance of two mass centers and the radius of the circle fit to the cell, where positions of 
the mass centers were calculated using ImageJ. Circularity is defined as the following 
equation, 
𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =    !!×!"#!
!"#$%"&"#!
 (Equation 1) 
where area and perimeter are those of the septum hole and were calculated using ImageJ. 
The data in Figure 1-1 are box plots, in which the red bar marks the median; the box 
contains the 25th (q1) to 75th (q3) percentiles, and the whiskers extend to the most 
extreme data that are not outliers, which are defined as smaller than 2.5 q1 – 1.5 q3 or 
greater than 2.5 q3 + 1.5 q1. 
 
To measure local septum growth and curvature, contours were extracted either using a 
custom MATLAB script (Ursell et al., 2014) (Figure 1-5 A, B, D) or by hand using a 
customized script written in MATLAB to allow subpixel resolution (Figure 1-5 C, E, F), 
and then followed by Gaussian smoothing (standard deviation: 10 pixels; Gaussian mask: 
3 pixels). Mid-plane contour curvature was a three-point measurement defined by the arc-
length derivative of the vector field formed from the unit normals to the contour. Each 
curvature profile was smoothed with a low-pass Gaussian filter with standard deviation σ 
= 10 contour points and Gaussian mask r =60 points. There is effectively no lower bound 
on the magnitude of curvature that can be measured, whereas we estimate that optical 




measured curvature of no more than ~7 µm-1. Across a wide range of cellular data, the 
observed curvatures range from ~0 µm-1 up to ~3 µm-1, and thus lie within the resolution 
limits. Local growth direction was determined by calculating the mean surface normal 
over 326.5 nm (5 pixels). Local growth rate was calculated from the distance between 
two consecutive frames (4 min apart) at a point in the direction of local growth (normal to 
the contour at the earlier time point).  
 
Local protein fluorescence intensity at the leading edge of the septum was measured by 
adding up the intensity value of the pixel over the septum contour and the intensity values 
of its 4 adjacent pixels along the normal direction (2 pixels outside and 2 pixels inside).  
 
Area within a closed contour was calculated using the built-in MATLAB “polyarea” 
function.  
 
Mathematical simulations of septum ingression 
Mathematical simulations of septum ingression were carried out in MATLAB. Septum 
curvature and septum growth direction were determined using the same method as for 
experimentally determined contours. Local septum growth rate was assumed to either be 
curvature-dependent (Equation 1) or uniform along the leading edge of the septum. For 
curvature-dependent simulations, the local ingression rate v was given by 
𝑣 = 𝑐𝜅 (Equation 2) 
where c is a constant and κ is the local curvature of the septum. If the local curvature was 





To increase simulation accuracy, the points extracted from the contour were locally 
linearly interpolated with a distance of 0.1 pixels. 
 
Raw growth direction vectors 𝑑′
→
 were obtained by calculating the normal vector of the 
tangent of three adjacent points across the extracted contour. The raw growth direction 
always points to the inside of the septum hole. Growth direction vectors 𝑑
→
 were then 
calculated from averaging 𝑑′
→
 over 51 points. For each contour point, the position (pi) was 
updated at each iteration of the simulation as 
𝑝! 𝑡 + 𝑑𝑡 = 𝑝! 𝑡 + 𝑣𝑑! (Equation 3) 
After each iteration, we re-spaced the points along the contour using interpolation to 
maintain a uniform distance between points. An example of the simulation showing each 
iteration can be seen in Figure S1-5B. Figure 1-6 shows the representative frames.  
 
Error from the comparison of the simulated contour and the experimental data is 
calculated using  
1− !Aoverlap
Aexperiment+Asimulation
 (Equation 4) 





Table S 1-1. Strains used in chapter one. 
	  
Strain Number Genotype Source 
FC20 h- cdc12-112  ura4-D18 Chang lab 
FC2559 
h+  crn1-GFP bgs4::ura4+RGP-bgs4+leu1+  ade6-M210  
leu1-32  ura4-D18 
Chang lab 
FC2561 
h+  rlc1-GFP:kanMX bgs4::ura4+ RFP-bgs4+leu1+   
leu1-32  ura4-D18  his3-D1 
Chang lab 
FC2700 
h + cdc12-3GFP-kanMX cdc15-tdTomato-natMX ade6-  
leu1-32  ura4-D18 
Chang lab 
FC2738 
h-  rlc1-tdTomato-natMX myo2-E1  ade6-M21x  leu1-32  
ura4-D18  his3D 
Chang lab 
FC2800 




h+ wsp1::ura4 rlc1-tdTomato:natMX GFP-bgs4:leu1 
bgs4::ura4 leu1-32  ura4-D18 
this work 
FC2802 
h- rlc1-tdTomato GFP-bgs4:leu1 bgs4::ura4 his7+ leu1-
32  ura4-D18 
this work 
FC2803 h+ tdTomato-bgs1:leu1 myo2-E1 ade6- leu1-32 ura4+ this work 
FC2804 
h90 psy1-GFP:leu1 RFP-bgs4:leu1 bgs4::ura4 leu1-32 
ura4-D18 his3-D1 
this work 
FC2805 h+ myo2-E1  leu1:2GFP-bgs4  leu1  ura4-D18 his3-D1 this work 




FC2807 h- cdc12-112  leu1:2GFP-bgs4  leu1  ura4-D18 his3-D1 this work 
FC2808 
h+  bgs1::ura4+ GFP-bgs1-leu1+  bgs4::ura4 RFP-bgs4-
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The contractile ring is a dynamic actomyosin structure important for cytokinesis. In 
fission yeast Schizosaccharomyces pombe, many conserved proteins of the ring have 
been identified and characterized, but the organization of the various proteins within the 
ring and the mechanisms responsible for the turnover of actin, myosin and other ring 
proteins are not known. Here we analyze the dynamic distribution of ring proteins within 
the ring by imaging living cells oriented vertically in micro-fabricated chambers. We find 
that representative ring proteins distribute non-randomly in clusters that are largely 
maintained through ring closure. Certain proteins such as Cdc12 formin also travel in a 
unidirectional manner around the ring. In addition, we observe that strands of the ring 
regularly peel off from the ring and break. Notably, these strands are enriched for the 
myosin II Myp2, but the other myosin II Myo2 remains in the cortical layer, showing that 
these myosin IIs define distinct layers of the ring. Thus our data begin to reveal the inner 
architecture of the ring, providing insight into the dynamic regulation and mechanism of 





Cytokinesis is the final step of the cell cycle, in which one cell divides into two. In 
animal and fungi cells, an actinomyosin-based contractile ring forms underneath the 
plasma membrane at the future division site. This structure is essential for cytokinesis, 
and core conserved components of the ring have now been identified and characterized.  
In particular, the ring of the fission yeast Schizosaccharomyces pombe (S. pombe) is 
being studied intensively. During interphase, a broad band of nodes overlaying the 
nucleus marks the future site of division. At the onset of mitosis, these nodes recruit 
myosin and other ring proteins, which coalesce into the mature contractile ring (Bathe 
and Chang, 2010; Lee et al., 2012; Pollard, 2008; Pollard and Wu, 2010; Wu et al., 
2003b).  After the completion of mitosis, the ring constricts as the septum cell wall grows 
inward over a period of about 20-30 min. Recent studies demonstrate that furrow 
ingression is driven by cell wall assembly, and that the primary role of the ring is to guide 
this septation process (Basu et al., 2014; Minc et al., 2009; Proctor et al., 2012; 
Stachowiak et al., 2014). One function for the contractile force of the ring may be to 
guide curvature sensitive cell wall assembly during septum formation, to maintain the 
circular shape of the septum hole (Zhou et al., 2014).  
 
Much is known about the molecular nature of the fission yeast contractile ring. The ring 
contains roughly 1000 short actin filaments, which are mostly aligned parallel around the 
ring circumference (Kamasaki et al., 2007). The number of ring protein molecules on the 
cytokinetic ring has been measured using quantitative fluorescent microscopy (Wu and 




and 2500 Myp2. Whether these myosins assemble into mini-filaments or smaller 
oligomers in vivo are not known. There are only 300 molecules of the primary formin in 
the ring, Cdc12. As the ring closes, actin filaments become shorter, and some proteins 
such as myosin accumulate, while others leave the ring. FRAP and other studies show 
that components of the ring are dynamic with t 1/2 15-60 sec, suggesting that they 
undergo constant and relatively rapid exchange even during constriction (Clifford et al., 
2008; Pelham and Chang, 2002b; Sladewski et al., 2009; Wong et al., 2002). During the 
lifetime of the ring of 40 min or more, the proteins turnover many times. The mechanism 
and purpose of this constant turnover however remain poorly understood.      
 
How the contractile ring generates force is also not well understood. The classic purse-
string models for cytokinesis assume that myosin motors pull on actin filaments, much as 
in a muscle. Recent models, inspired by studies that myosin or its motor activity are 
largely dispensable in certain systems, suggest that depolymerization of actin may 
generate the force (Theriot, 2000; Zumdieck et al., 2007). To account for the finding that 
a ring with larger initial diameter has a higher constriction rate, a structural memory 
model has been proposed where a fixed number of contractile units undergo shortening 
during ring constriction (Carvalho et al., 2009). The organization of ring proteins in 
discrete nodes may serve as a template for the mature ring as well. Understanding the 
spatial organization of ring components is important to distinguish such mechanisms 





Here, we study the dynamic organization of protein molecules within the contractile ring 
in fission yeast. We use a recent technical advance of imaging live fission yeast cells in 
wells so that the cells are orientated vertically; this orientation allows for improved 
resolution in imaging the ring. We find that the ring subunits are organized in non-
random distribution around the circumference of the ring. We further find that layers of 
the ring regularly peel off, providing evidence of ring organized in sublayers. Our data 
thus begin to reveal the inner organization, dynamic regulation and functioning of this 
actin structure.   
	  
Results 
Cytokinetic ring proteins are distributed in a non-random manner. 
We imaged fluorescently tagged proteins in the contractile ring in live fission yeast cells 
vertically in small PDMS chambers 4 to 6 µm in diameter. We focused on a set of key 
conserved ring proteins that are important for ring assembly and function: formin Cdc12 
(Chang et al., 1997), F-bar protein Cdc15 (Fankhauser et al., 1995), two type II myosin 
heavy chains Myo2 and Myp2 (Bezanilla et al., 1997; Kitayama et al., 1997; May et al., 
1997; Motegi et al., 1997), and myosin regulatory light chain Rlc1 (Le Goff et al., 2000; 
Naqvi et al., 2000). In time-lapse imaging, we could follow the ring assembly and 
constriction over the period of 30-60 min. In this study, we focused on “mature” (after 
the compaction of nodes in early mitosis, in metaphase and anaphase roughly 10 min 
prior to constriction) and “constricting” rings.    










Figure 2-1: Cytokinetic ring proteins are distributed in a non-random manner.  
(A) Image of cytokinetic ring marked by Cdc12-3GFP with cells standing vertically in 
micro-well PDMS chambers. The plot on right panel shows the fluorescence intensity 
distribution along the ring circumference. Note that the distribution of the fluorescence 
on the ring is heterogeneous. (B) Images of cytokinetic ring of cells labeled with Cdc15-
tomato, GFP-Myo2, Myp2-tomato, and Rlc1-tomato. (C) Left panel: normalized standard 
deviation of fluorescence profile of cytokinetic rings labeled with different markers. 
Right panel: normalized standard deviation of fluorescence profile of simulated 
cytokinetic rings with different number of fluorescence points. Note the decrease of 











Figure S 2-1: Simulations of cytokinetic ring.  
Different number of fluorescence points was used in the simulation as described in 







The ring proteins are distributed in a heterogeneous manner around the ring. The images 
of the rings exhibit lumps or dots around the circumference of the ring. By tracing the 
fluorescence intensity over the circumference of the ring, we quantified the degree of 
heterogeneity by calculating the mean contrast (the standard deviation divided by the 
mean fluorescence intensity; Figure 2-1A). Cdc12, Myo2, Myp2, and Rlc1exhibited a 
similar mean contrast of around 0.2, while Cdc15 exhibited a mean contrast of 0.1 
(Figure 2-1B and 2-1C, left panel). 
 
We asked if these distributions of the ring proteins reflect a random or non-random 
distribution. To test this, we compared these experimental data with computer 
simulations. We ran simulations in which fluorescent points were distributed randomly 
around the ring, and processed with a filter to simulate volume scattering in the cell using 
Gaussian distribution and camera noise using Poisson distribution. These simulations 
were used to estimate the predicted mean contrast for the number of points in a random 
distribution. As the number of fluorescence points increases, the rings appear more 
homogenous, with a reduced mean contrast value (Figure 2-1C, right panel and Figure 
S2-1). The experimental contrast values of 0.2 suggest that the images seen in Cdc12 and 
myosin IIs are similar to those with about 300-500 fluorescent points. As the ring is 
estimated to have ~2900 Myo2 and ~2000 Myp2 molecules in mature rings (Wu and 
Pollard, 2005), this analysis suggests that ring proteins are clustered in groups (very 
roughly average 4~8 molecules / cluster). Cdc12 formin is estimated to have 300 
molecules, or 150 dimers (Wu and Pollard, 2005). The contrast value suggests that either 




abundant ring protein with 16000 molecules / ring (Wu and Pollard, 2005), and is thought 
to form oligomer complexes on the membrane. The contrast value of 0.1 suggests that 
they cluster (very roughly 16 molecules / cluster). These data begin to reveal that the ring 
is made of subcomplexes.   
 
Organization of the ring components persist through constriction 
We next analyzed the behavior of ring components using time-lapse imaging. Time lapse 
images of the ring were used to generate kymographs (see Materials and Methods). GFP-
Myo2 in the ring showed broad accumulations that persist in mature rings and 
constricting rings (Figure 2-2A, arrow head and B, indicated by blue dashed lines). 
Similar accumulations were also observed in kymographs Cdc12-tomato (Figure 2-2C, 
indicated by blue dashed lines), Rlc1, Myp2, and Cdc15 (Figure S2-2). These 
accumulations generally persisted in time, often through the lifetime of the ring. Many of 
these densities do drift slowly, apparently in a non-directional manner, and can merge or 
disappear. One important observation is that the organization of the densities persists as 
the ring constricts. The densities generally reduce in size proportional to the size of the 
ring, showing that there is no preferential loss or addition to these densities during 
constriction.    
 
Directional movement of formin and myosin within the ring  
Some species of the proteins show directional movements in addition to stable densities 
(Figure 2-2A, arrow). Kymographs revealed that Cdc12 and Myo2 form linear streaks, 




ring (Figure 2-2B and C, red dashed lines). This behavior was most clear in Cdc12 
formin (Figure 2-2C). We confirmed that these streaks correspond to individual clusters 
of proteins moving around the entire circumference, and thus is not due, for instance, to 
an artifact from the image analysis (Figure 2-2A, right panel, arrow). Cdc12 dots moved 
both clockwise and counter-clockwise in the same ring, but did not change direction. 
Rate of Cdc12 movement was ~0.2 µm / min. One possibility is that this movement 
reflects Cdc12 dimer association with the growing barbed end of filaments within the 
ring. To see if such directional movements depend on actin filaments, we treated cells 
expressing Cdc12-3GFP with high dose of Latrunculin A (LatA), which leads to the 
disassembly of the actin ring into fragments. Cdc12-3GFP concentrated in these 
fragments, and no moving dots were seen (Figure 2-2D). This confirms that these 
directional movements are not a byproduct of the image analysis and suggests that the 
movement is dependent on actin.  
 
We also observed similar dim linear tracks of Myo2 (but no Myp2) (Figure 2-2B), 
suggesting unidirectional movement of myosin II around the ring. This movement was 










Figure 2-2: Both static and dynamic processive protein behaviors exist on the 
cytokinetic ring. 
(A) Representative time lapse images showing persistent protein complex and 
unidirectional protein movement on the ring. Arrow head indicates persistent protein 
(clusters); arrow indicates the unidirectional moving protein species. (B) Kymograph of 
linearized ring labeled with GFP-Myo2 at constricting phase (left panel) and non-
constricting phase (right panel). (C) Kymograph of linearized ring labeled with Cdc12-
tomato tomato at constricting phase (left panel) and non-constricting phase (right panel). 
(B, C) Static traces of ring components are marked with blue dashes at lower panels 
respectively and processive moving traces are marked with red. (D) Time-lapse images of 
cytokinetic ring labeled with Cdc12-3GFP and its ring kymograph during real-time 
treatment of LatA. Note that components of the ring upon treatment of LatA fragmented 









Figure S 2-2: Kymographs showing non-motile behavior of protein clusters on the 
ring.  
Time-lapse images of contractile ring labeled with Rlc1-tomato, Cdc15-tomato, and 
Myp2-GFP were processed to make kymographs as described in Materials and Methods. 
Note bright fluorescent streaks stay in relatively consistent position during the 
progression of ring constriction.  
	  




Relationships between distributions of different ring protein 
To determine if ring proteins associate with each other, we next imaged pairs of ring 
proteins labeled with different fluorophores. We compared the distributions of these 
proteins by comparing features in the kymographs. In addition, we extracted the 
fluorescence intensity profiles around the circumference of the ring, and used cross 
correlation analysis to quantify the similarity of patterns of two proteins in the same ring. 
We examined the cross-correlations among the five ring proteins. Rlc1-tomato and 
Myp2-GFP showed similar patterns in the kymographs, and a high correlation (Pearson 
Coefficient: 0.79, 150 time points from 5 independent movies) (Figure 2-3A and F). On 
the other hand, Cdc12-tomato and GFP-Myo2 produced kymographs with different 
patterns, and gave a relatively low correlation value (Pearson Coefficient: 0.26, 180 time 
points from 6 independent movies) (Figure 2-3B and F).  Cdc12 and Cdc15, which are 
thought to bind to each other, showed dissimilar patterns and a relatively low correlation 
value (Figure 2-3C and F). The kymographs show instances where the Cdc12 and Cdc15 
patterns appear to be the inverse of each other, where peak regions of one protein 
represent minimal regions of the other. In contrast, Cdc15 and Myo2 correlated highly 
(Figure 2-3D and F). Two type II myosin heavy chains Myo2 and Myp2 have a relatively 
low association (Figure 2-3E and F). These protein distributions thus suggest that the five 
proteins fall into at least 2-3 groupings, represented by Cdc12, Myo2-Cdc15, and Myp2-









Figure 2-3: Spatial and temporal correlation of pairs of the cytokinetic ring 
proteins.  
(A - E) Kymographs of dual-channel images showing different pattern of correlation 
between pairs of proteins. Images of cells expressing (A) Rlc1-tomato and Myp2-GFP, 
(B) Cdc12-tomato and GFP-Myo2, (C) Cdc12-3GFP and Cdc15-tomato, (D) GFP-Myo2 
and Cdc15-tomato, and (E) GFP-Myo2 and Myp2-tomato were imaged vertically in 
micro-well chambers and the kymographs were created by linearizing the cytokinetic 
rings in the images and concatenated vertically according to time points. Scale bar: 2 µm. 
(F) Diagram showing correlations between different protein pairs. The longer sticks 
represent lower correlation. Numbers labeled by the stick are Pearson correlation 






Sloughing of strands off the ring reveals different ring layers 
In the course of imaging rings, we observed strands of the ring peeling off of the main 
ring structure. This process was initially observed in a strain expressing Myp2-GFP and 
Rlc1-tomato (Figure 2-4A). The strand spanning the interior of the ring starts from one 
region and grows, progressing towards the center of the cell before breaking (Figure 2-
4A). This was not an uncommon event, as they occurred 0.38 ± 0.24 times / min (n = 13), 
or about 5 times in the lifetime of the ring. The events occurred both in non-constricting 
and constricting rings. We termed these events “sloughing”, in which outer layers of a 
structure are shed.   
	  
We determined whether these strands contain actin and other ring proteins. Similar 
strands were found in wild-type fission yeast cells stained with Alexa-488 phalloidin 
(35% of cells, n = 49, Figure S2-3A), showing that these strands contain actin, and are 
not an artifact of a particular marker. The actin-marker Lifeact (Huang et al., 2012; Riedl 
et al., 2008) localized to the strands, and a similar frequency of sloughing was found as 
the Rlc1-tomato Myp2-GFP strain (0.31 ± 0.21 occurrences / min, n = 19, Figure 2-4B).  
Tropomyosin Cdc8-GFP (Balasubramanian et al., 1992), decorated the strand as well 
(Figure 2-4C, second column). In contrast, the F-BAR membrane protein Cdc15 and the 
myosin II Myo2 did not localize to the strands (Figure 2-4D). Thus, there is a striking 
separation of ring proteins during sloughing. In particular, the two myosin IIs, Myp2 and 
Myo2 behave very differently from each other, with Myp2 preferentially peeling off the 
ring with the strand, and Myo2 staying on the cortex. The myosin light chain Rlc1, which 




the cortex like Myo2. Thus, the sloughing process reveals additional subcompartments of 
the ring: one on the cortex defined by Myo2 and Cdc15, and one on the outer portion of 
the ring that peels off, defined by Myp2 (Figure 2-4E). Actin and tropomyosin associate 
with both compartments.   
	  
We tested what proteins are needed for strand formation. First we checked if the strands 
are derived from actin cables nucleated by the formin For3 (Feierbach and Chang, 2001; 
Kovar, 2006). We found that strands assayed using Lifeact still form with a similar 
frequency in a for3∆ mutant strain (29%, n = 31, Figure S2-3A). We also tested the role 
of myosins in the ring. The strands still formed in null alleles of Myp2 and the type V 
myosins Myo51 and Myo52 (Figure S2-3B). However, we were unable to test the role of 
Myo2, as the ring does not form properly in even partial loss of function Myo2 mutants.  
Similar technical limitations prevented us from testing factors essential for ring 
formation.  





Figure 2-4: Sloughing of strands off the ring reveals different ring layers. 
(A) Time-lapse images of cells expressing Rlc1-tomato and Myp2-GFP. Note that strands 
slough off main structure of the ring and break. (B) Time-lapse images of cells 
expressing actin labeling Lifeact-GFP. (C) Images of different ring components residing 
on sloughing strands. (B, C) Log scale images are shown to emphasize the presence of 
actin strands that slough off the cytokinetic ring. (D) Images of cytokinetic ring of cells 
expressing Cdc15-tomato and Rlc1-GFP (upper panel); GFP-Myo2 and Myp2-tomato 
(lower panel). Note that Myp2-tomato and Rlc1-GFP reside on the strands while GFP-
Myo2 and Cdc15-tomato do not. (B, C, D) Yellow arrow indicates the sloughing strand. 
(E) Schematic diagram of one event of ring sloughing. Multiple layers of cytokinetic ring 
are shown and one layer (red) of the ring sloughs off as a strand and breaks. Scale bar: 2 
µm.  






Figure S 2-3: The occurrence of peeling strands is For3 and myosin independent.  
(A) Phalloidin staining of the wildtype and for3Δ cells. Left panel: conventional 
perspective showing the depletion of actin cables in for3 mutant. Right panel: images 
taken using PDMS wells showing sloughing strands still exist. (B) The frequency of 
observing ring sloughing in different myosin mutants. Note that the appearance of ring 










Figure 2-5: Dynamic behavior of the sloughing stands may be tension driven. 
(A) Histogram of the speed of the sloughing layer shrinkage. (B) Change of the angle 
corresponding to the arc of the strand during sloughing. (C) Histogram of position of the 
strand with respect to the cell when it breaks. The position of the strand is indexed by 
measuring the distance of strand to its initial sloughing point over the diameter of the 
ring. (D) Histogram of position of the breakage within the strand. The position of the 
breakage is indexed by measuring the distance between the breakage point and the closest 
end point of the strand over the entire length of the strand. (E) Time-lapse images of cells 
expressing Rlc1-tomato and Myp2-GFP. Fission yeast cells were placed vertically in 
PDMS. The PDMS slab was then physically stretched in one direction, deforming the 
wells and the cells to an elliptical shape in cross-section. Note that the sloughing event 
started at the near high-curvature edge. Scale bar: 2 µm. (F) Schematic diagram of 
starting points of 32 sloughing events in elliptical shaped cells. Red: the starting point of 






Dynamic behavior of the sloughing stands may be tension driven 
To determine the mechanism of the sloughing process, we have begun to characterize this 
process quantitatively. These data will be used to test models and provide parameters for 
modeling. Studying the mechanics of these processes will provide insight into the 
mechanical properties of the ring and its linkage to the plasma membrane. Our hypothesis 
is that the ring is a circular multiple layer structure under tension. If the inner layer (with 
respect to the cell) of the ring detaches from cortical layer, then tension within the ring, 
which works to minimize the perimeter of the layer, begins to detach more and more of 
the ring away from the cortical layer. Finally, tension in the strand may cause the strand 
to break, leading to depolymerization of the strand.  
 
We measured dynamic parameters of strand formation and breakage by analyzing time 
lapse sequences. The average rate of shrinkage of the inner layer of the ring-strand 
(change in perimeter distance) during sloughing was 1 ± 0.49 µm / min (n = 22, Figure 2-
5A). This is ~2 folds of the normal shrinkage of the ring. We measured the rate of peeling 
by determining the change in the angle peeling strand’s arc. Although there was some 
variability among different strands, for a given strand, change in angle increased in a 
linear fashion (Figure 2-5B), showing the rate of peeling off the membrane is largely 
constant during the process, and does not, for instance accelerate as the strand grows. 
This implies that the force peeling the strand off the membrane remains constant as the 





We determined where the strands break. Although our initial impression was that strands 
broke when they grew to the length of the cell diameter, measurements show that the 
strands broke at an average of about a 0.3 of the distance it (Figure 2-5C). This suggests 
that this may be a stochastic process, or that that there is some geometric configuration at 
this location that causes it to break. Next we asked whether the strand breaks at the 
middle of the strand, or anywhere along the length of the strand. We found that many of 
the strands break near the middle, and not at the very edges (Figure 2-5D). Moreover, we 
calculated the ratio between the distance of the two anchoring points of the strand on the 
ring with the length of the sloughing strand arc to indicate how straight the sloughing 
strand is. If the strand is under tension, then it tends to be straight and such ratio tends to 
be closer to 1, and indeed, our measurement is 0.99 ± 0.01 (n = 10). 
 
If the sloughing event is tension driven, ring regions with higher inward pulling force 
may have higher chance of being peeled off from the ring than regions with lower inward 
pulling force. To achieve this differential pulling force, we deformed the cells in the 
PDMS chambers by pulling the slab, and in this case, the ring is deformed where there 
are high-curvature regions and low curvature regions. Assuming that ring tension is 
constant around the circumference (Zhou et al., 2014), the high-curvature regions may 
have higher inward pulling force. We tested whether more sloughing events would be 
observed in a curvature dependent manner. Indeed, time-lapse imaging of the deformed 
cells dual labeled with Myp2-GFP Rlc1-tomato showed that sloughing mostly starts near 
the high curvature regions (the elliptical ends along the long axis, Figure 2-5E and F). 




specifically at these high curvature regions. However, many of these events occurred 10’s 
of minutes after the compression, making is less likely that these arise from acute 
damage. Taken together, these data suggest that the ring sloughing event might be due to 













By imaging the cytokinetic ring in cells positioned in chambers, we show that the ring 
proteins are not randomly dispersed in the ring, but organized with substructures. Ring 
proteins form clusters on the plasma membrane within the ring, which are largely stable 
but shrink proportionally during ring constriction.   These clusters do not contain all the 
ring proteins together, different from what is postulated by the node model, and organize 
into several groups, such as Cdc15-Myosin II Myo2, Myp2 and formin Cdc12.  Even 
though the formin Cdc12 and Cdc15 have been shown to bind to each other 
biochemically in the ring, the distribution of Cdc12 in the ring appears relatively distinct 
from Cdc15 and the myosin IIs. The maintenance and gradual shrinkage of the clusters 
provides the first support for the structural memory model in which a set number of 
contractile units are maintained during cytokinesis and progressively shrink during 
constriction (Carvalho et al., 2009).   
 
We also document that a subset of proteins move within the ring.  Notably, the formin 
Cdc12 forms dots that travel around the ring circumference at constant rates in either a 
clockwise or counter-clock wise direction. These might represent small numbers of 
formin on a growing barbed end of an actin filament, although it is not simple to imagine 
how the rate and processivity are maintained and conserved in the different ends.  Myosin 
Myo2 showed similar dots, moving at slower rates, suggesting that other ring components 





We also show here for the first time that there may be different layers of the ring.  The 
improved imaging reveals that layers of ring peel off regularly. These strands may form 
by a tension-based mechanism in which contractile forces pull the strand off of the 
remainder of the ring on the cortex. This peeling may contribute to the turnover of ring 
components, although it is not yet clear how much of the turnover is achieved through 
this mechanism. Further analyses of this process will provide insights into the mechanical 
properties of the ring. The analyses of the strands suggest that different proteins localize 
to different layers of the ring. The type II myosin Myo2 and the F-BAR domain 
membrane protein Cdc15 localizes preferentially to the layer closest to the plasma 
membrane.  In contrast, the type II myosin Myp2 localizes more to the outer layer which 
is distant to the cortex and peels off. This is consistent a previous finding that Myp2 
localization is actin dependent, while Myo2 is not (Naqvi et al., 1999b; Wu et al., 2003a). 
The role of Myp2 has been unclear, and this spatial segregation begins to suggest reasons 
why there are two myosin IIs in the fission yeast ring. One possibility is that two myosins 
with slightly different properties would allow the ring to form layers that help to stabilize 
the ring structure during constriction and facilitate dynamic turnover. We note that 
human cells also have three myosin type IIs (NM IIA - C), of which NM IIC filaments 
have less constituent molecules and are less suitable for contractility (Billington et al., 
2013). Budding yeast, however, only has one type II myosin (Watts et al., 1987). Similar 
layers have also been found in the actin cortex in animal cells (Chaigne et al., 2013). In 
general, this study provides valuable data for the modeling of the contractile ring that 
promises to provide quantitative understanding into the mechanisms of ring assembly, 




Materials and Methods 
 
Yeast strains and media 
Yeast media were prepared and genetic manipulation was done using standard methods. 
Cells were generally grown to exponential phase at 25 °C in rich YE5S media.  
 
Microfabrication of wells  
Microwell polydimethylsiloxane (PDMS) chambers were prepared as described in (Zhou 
et al., 2014). The masters were obtained from Jun He and Mark Bathe (Massachusetts 
Institute of Technology, MIT) and were constructed at MIT. Microwells with 4 µm in 
diameter are generally used to support cells standing vertically.  
 
Microscopy  
A spinning-disc confocal (CSU10; Yokogawa, Tokyo, Japan) inverted microscope 
(Eclipse Ti; Nikon, Melville, NY) with a Hamamatsu EM-CCD camera (Hamamatsu 
Photonics, Hamamatsu, Japan) and 100X 1.4 NA objective with a 1.5X magnifier was 
used for image acquisitions. Imaging was performed at room temperature (25 °C). Image 
acquisition was performed using Micromanager 1.4 (Edelstein et al., 2010). While 
imaging cells with a conventional orientation such that the septum is perpendicular to the 
imaging plane, confocal slices were taken in 0.4-µm intervals. The raw images were 





While imaging cells in PDMS vertical wells, cells growing in exponential phase were 
concentrated 25 times by spinning for 10 sec, and 1 µL of concentrated culture was 
spread onto the PDMS chambers. The sample was then covered with a coverslip on 
which gentle force was exerted to push the cells in. Typically 10 - 50% of the wells could 
be filled with individual cells. The fields were manually scanned for cells with a ring, and 
then cells were followed by time-lapse imaging (usually with 10 sec time interval). The 
focus was set at the medial focal plane around the cytokinetic ring. Three z slices 0.4 µm 
apart centered at the medial focal plane were acquired to cover the entire ring. Images 
used for analysis were sum-intensity projections of these three slices. 
 
When real time acquisition of images is needed when treating cells with drugs (Figure 2-
2D), an additional hole was punched on the PDMS slab near the microwells containing 
cells. Kimwipes (KIMTECH, Kimberly-Clark worldwide, Roswell, GA) fibers were 
inserted into the hole, and then the drug or control solution was added onto the side of the 
PDMS slab. Kimwipe fibers then absorb the overflow liquid to allow added solution to 
perfuse the chambers.  
 
Pharmacological inhibitors 
Latrunculin A (LatA, Sigma-Aldrich, St. Louis, MO, USA) assays were performed by 
perfusing 200 µM LatA in DMSO into the PDMS chambers. At this concentration, F-







Image processing was done using ImageJ (National Institute of Health, Bethesda, MD) 
and MATLAB R2009b (the MathWorks, Natick, MA). Images in a time-lapse sequence 
were pre-processed using the ImageJ plug-in StackReg (Thevenaz et al., 1998). 
To make the kymographs as in Figures 2-2 and 2-3, images of the ring were thresholded 
and binarized. Then a circle was fit to the bright pixels thus the skeleton of the ring was 
obtained. Fluorescence intensity of the ring over the skeleton from the original images 
was recorded and the intensity profile was represented as a line of pixels. The lines of 
pixels from all the frames of the movie were concatenated vertically to make the 
kymograph.  
 
To calculate the correlation coefficient, the intensity profiles of the two channels of dual-
color images from each frame were measured. The final correlation coefficient for one 
movie is the average of the coefficients of all the frames. The coefficient defined for each 
frame is: 
σ =
(𝐺! − 𝐺)(𝑅! − 𝑅)!!!!
𝐾  
where G and R represents green and red channels. For example, 𝐺! is the intensity value 
of pixel 𝑖 on the ring and 𝐺is the average fluorescence intensity of the ring. 𝐾 is the total 
number of pixels on the ring. 




Simulations of microscopic images of cytokinetic ring 
Inspired by the 3D simulated microscopy software package BlurLab, we implemented 
our custom light weighted version in 2D for our spinning disk confocal microscope to 
simulate microscopic images of fluorescently labeled cytokinetic ring. Simulations of the 
ring were all performed on a 100 by 100 pixel grid. Rings were all defined with diameter 
of 50 pixels, which is 3.27 µm in diameter. Defined number of fluorescent points was 
randomly distributed on the circle. The positions of the fluorescent points were rounded 
to be on the image grid, thus a ring-like circle of bright pixels were on the image grid. 
This intermediate image was blurred using a Gaussian filter. The standard deviation of 
the Gaussian filter is empirically determined by comparing the width of the ring from 
experiment and from the simulation. Such standard deviation was also verified against 
the X-Y point spread function measured from of the microscope, taking into account that 
the processed images are from sum projection of 3 slices, which falls in the same range 
(~12% difference).  Because many unknown events may happen during this volume 
scattering simulation, we chose to use the empirically estimated standard deviation for 
the Gaussian filter. Camera noise was simulated by adding noise to each pixel of the 
filtered intermediate image. The value of the noise to each pixel follows Poisson 
distribution with Poisson coefficient equal to the mean background noise of the 
experimental images. For each ring protein the simulation was realized for 50 times and 
the resulting images were subject to the same image processing method as described 
above.   




Table S 2-1. Strains used in chapter two. 
Strain Number Genotype Source 
FC420 h+  ade6-M216  leu1-32  ura4-D18 Chang lab 
FC858 
h+  myo51:ura4 myo52::ura4   ade6-M210  leu1-32  
ura4-D18 
Hyams Lab 
FC861 h+  myo51:ura4  ade6-M216  leu1-32  ura4-D18 Hyams Lab 
FC862 h-  myo52:ura4  ade6-M216  leu1-32  ura4-D18 Hyams Lab 
FC917 h-  myo2-E1  ade6-M21x  leu1-32  ura4-D18  his3-D Chang lab 
FC1039 h-  for3::kanMX6  ade6-  leu1-32  ura4-D18 Chang lab 
FC1615 
h+  myp2-GFP:kanMX6  ade6-M210  leu1-32  ura4-
D18 
Pollard lab 
FC2072 h+  myp2::natMX4  ade6-  leu1-32  ura4-D18 Chang lab 
FC2129 
h+  cdc12-3GFP:kanMX  ade6-M216  leu1-32  ura4-
D18 
Chang lab 
FC2147 h+  rlc1-tomato:natMX  ade6-M216  leu1-32  ura4-D18 Chang lab 
FC2177 




h+  cdc15-tomato:natMX  ade6-M216  leu1-32  ura4-
D18 
Chang lab 
FC2495 h-  leu1:nmt41-GFP-cdc8:ura4  ura4-D18 Mulvihill lab 
FC2694 







h-  cdc12-3GFP:kanMX rlc1-tomato:natMX  ade6-  
leu1-32  ura4-D18 
Chang lab 
FC2700 
h+  cdc12-3GFP:kanMX cdc15-tomato:natMX  ade6-  
leu1-32  ura4-D18 
Chang lab 
FC2771 




myp2-tomato:natMX kanMX6:Pmyo2-GFP-myo2  
ade6?  leu1-32  ura4-D18 
Chang lab 
FC2784 








h-  kanMX6:Pmyo2-GFP-myo2 cdc12-tomato:natMX 
leu1-32 ade6? ura4-D18 
Chang lab 
LM66 
h+  kanMX6:Pmyo2-GFP-myo2 rlc1-tomato:natMX 
leu1-32 ade6? ura4-D18 
Chang lab 
LM69 
h-  kanMX6:Pmyo2-GFP-myo2 cdc15-tomato:natMX 
leu1-32 ade6? ura4-D18 
Chang lab 
LM193 
h-  kanMX6:Pmyo2-GFP-myo2 myp2-tomato:natMX 
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In the fission yeast Schizosaccharomyces pombe, the centromeres of each chromosome 
are clustered together and attached to the nuclear envelope near the site of the spindle 
pole body during interphase. The mechanism and functional importance of this 
arrangement of chromosomes are poorly understood. In this paper, we identified a novel 
nuclear protein, Csi1, that localized to the site of centromere attachment and interacted 
with both the inner nuclear envelope SUN domain protein Sad1 and centromeres. Both 
Csi1 and Sad1 mutants exhibited centromere clustering defects in a high percentage of 
cells. Csi1 mutants also displayed a high rate of chromosome loss during mitosis, 
significant mitotic delays, and sensitivity to perturbations in microtubule–kinetochore 
interactions and chromosome numbers. These studies thus define a molecular link 








Eukaryotic genomic DNA is folded with histone and nonhistone proteins into chromatin, 
which is then arranged into complex higher-order structures to achieve the level of 
compaction needed to fit the entire genome into the nucleus. It is increasingly recognized 
that spatial and temporal genome organization is essential for gene expression, DNA 
replication, and maintenance of genome stability (Meister et al., 2011; Mekhail and 
Moazed, 2010; Misteli, 2007; Rajapakse and Groudine, 2011). One of the most striking 
examples of genome organization is the Rabl-like configuration of chromosomes in the 
interphase nuclei, in which centromeres are clustered at the nuclear periphery. This 
clustering has been seen in diverse cell types ranging from yeast, to plants, to flies (Fang 
and Spector, 2005; Funabiki et al., 1993; Jin et al., 1998). 
 
The centromere is a specialized region of DNA within every chromosome that directs the 
assembly of the kinetochore, which is essential for the attachment of spindle 
microtubules to drive chromosome segregation during mitosis (Cheeseman and Desai, 
2008; Verdaasdonk and Bloom, 2011). In interphase fission yeast cells, chromosomes are 
attached by their centromeres to the inner nuclear envelope near the region of the spindle 
pole body (SPB; centrosome equivalent; (Funabiki et al., 1993)). The SPB is cytoplasmic 
but near the nuclear envelope at this cell cycle stage (Ding et al., 1997). During mitosis, 
the SPBs insert into the nuclear envelope and then nucleate microtubules inside the 




nuclear envelope and then recaptured by these intranuclear microtubules, which 
subsequently align and segregate the chromosomes for mitosis (Funabiki et al., 1993). 
 
Little is known about the molecular details of how the centromeres are clustered and 
attached to the inner nuclear envelope near the SPB during interphase. This interphase 
chromosomal arrangement is dependent on kinetochore proteins but is independent of 
microtubules or pericentric heterochromatin (Appelgren et al., 2003; Castagnetti et al., 
2010; Ding et al., 1997; Funabiki et al., 1993). Mutations of mis6 (inner kinetochore 
component) and nuf2 (outer kinetochore Ndc80 complex component) result in centromere 
declustering (Appelgren et al., 2003; Asakawa et al., 2005), but how kinetochore 
components are linked to the nuclear envelope near the SPB remains unknown. SUN 
domain protein Sad1 and KASH domain proteins Kms1/2 are excellent candidates, as 
these are nuclear envelope proteins that concentrate in the vicinity of the SPB, at the site 
of centromere clustering (Mekhail and Moazed, 2010; Razafsky and Hodzic, 2009; Starr 
and Fischer, 2005). SUN/KASH domain proteins have conserved roles in linking 
cytoplasmic structures, such as centrosomes and actin filaments, to nuclear structures, 
including chromosomes in many cell types (Mekhail and Moazed, 2010; Razafsky and 
Hodzic, 2009; Starr and Fischer, 2005). Sad1 and Kms1 have been shown to mediate 
telomere clustering in meiosis (Chikashige et al., 2006), but their functions in interphase 
centromere clustering have not been tested. 
 
Several other genes have been reported to affect interphase centromere clustering, 




et al., 1993; Hiraoka et al., 2011; King et al., 2008). Crm1 is an essential protein involved 
in nuclear–cytoplasmic protein transport (Fukuda et al., 1997), making analysis of its role 
in regulating centromere clustering difficult. mto1Δ and nsk1Δ only produce mild defects 
in centromere clustering, and these proteins do not localize to SPB–kinetochore during 
interphase (Buttrick et al., 2011; Chen et al., 2011; Franco et al., 2007), making them 
likely to act indirectly on this process. The role of Ima1 in SPB–kinetochore interactions 
is controversial (Hiraoka et al., 2011; King et al., 2008). Here, we identify a novel 
protein, Csi1, which plays a major role in centromere clustering. Moreover, Csi1 interacts 
with Sad1 and centromere components and thus may serve as a critical link between 







Results and Discussion 
	  
	  
To identify novel factors required for proper chromosome segregation, we screened a 
fission yeast haploid deletion library for mutants that affect the maintenance of 
nonessential minichromosome Ch16 (Niwa et al., 1986). Cells that lose Ch16 appeared 
red when grown on low adenine medium, and mutations that affect chromosome 
segregation resulted in a mixture of white and red cells (Fig. 3-1 A). One of the strongest 
defects was observed in the deletion of an uncharacterized ORF, SPBC2G2.14, which we 
named csi1+ (chromosome segregation impaired protein 1; Fig. 3-1 A). 
 
We found that csi1Δ cells have a strong defect in centromere clustering. We assayed 
kinetochore behavior by imaging inner kinetochore protein Mis6-GFP (homologue of 
mammalian CENP-I) and Cnp20-GFP (homologue of mammalian CENP-T). In wild-type 
interphase cells, all three centromeres were clustered at the site of the SPB, marked by 
Sid4-mRFP (Figs. 3-1 B and S3-1 A; (Chang and Gould, 2000)). These kinetochore 
markers appeared as multiple dots (at most three) in the nucleus in csi1Δ cells during 
interphase, indicated by a single unduplicated SPB or by cytosolic microtubules (Figs. 3-
1, B and C; and S3-1 A). This phenotype was corroborated by the high incidence of cen2-
GFP delocalization from Sid4-mRFP in csi1Δ cells (Fig. S3-1 C). 
 
Because centromere clustering requires functional kinetochores (Appelgren et al., 2003), 
we examined the effect of csi1Δ on kinetochore structures. Loss of Csi1 had no effect on 









Figure 3-1: Csi1 is required for centromere clustering during interphase.  
(A) Cells containing Ch16 were grown as single colonies to measure chromosome loss 
rate, shown below each picture. n indicates total number of colonies counted. (B) Live-
cell imaging of Mis6-GFP in wild-type and csi1Δ cells. Sid4-mRFP and mRFP-Atb2 
were used to confirm that cells are at interphase. (C) Quantification of the number of 
Mis6 foci in interphase cells. n represents the number of cells counted from a single 
experiment. (D) ChIP analysis of Mis6 and Cnp1 levels at centromeres (cnt). Error bars 
represent standard deviations of three experiments. DIC, differential interference 




DNA as assayed by chromatin immunoprecipitation (ChIP) analysis (Figs. 3-1 D and S3-
1 B) and by live-cell imaging (Figs. 3-1 B and S3-1 A). Moreover, the characteristic 
micrococcal nuclease digestion pattern of centromeric chromatin (Takahashi et al., 1992) 
is not affected in csi1Δ cells (unpublished data). Thus, these layers of the kinetochore 
appear largely intact in csi1Δ cells. 
 
To determine the localization of Csi1, we generated yeast strains expressing GFP- or 
mCherry-tagged versions of Csi1 at its native chromosomal location. Live-cell imaging 
revealed that Csi1 was concentrated at a single spot near the nuclear periphery in 
interphase cells, where the centromeres are clustered near the SPB as indicated by GFP-
tagged centromeric proteins, such as Cnp1 and Mis6 (Fig. 3-2 A), or mRFP-tagged SPB 
protein Sid4 (Fig. 3-2 E). ChIP analysis revealed that Csi1 associates with centromeric 
DNA and is enriched at the cnt region, upon which the kinetochore assembles, but not the 
surrounding pericentric heterochromatin (Fig. 3-2, B and C). In mutants of inner (cnp1-1 
and mis6-302) and outer (mis12-537 and nuf2-degron) kinetochore components, Csi1 
dissociated from centromeres as assayed by ChIP (Figs. 3-2 D and S3-2, A–C). 
 
Csi1 also colocalized with the SUN domain protein Sad1, which is localized on the 
nuclear envelope near the SPB. Time-lapse microscopy revealed that Csi1 colocalized 
with Sad1-DsRed near or at the SPB throughout interphase and mitosis and separated 
from centromeres (marked by Mis6-GFP) during mitosis, when the centromeres are 
released (Fig. S3-2 D). In the kinetochore mutants cnp1-1 or mis6-302 at a restrictive 









Figure 3-2: Csi1 is at the SPB–kinetochore interface.  
(A) Live-cell imaging of cells expressing Csi1-mCherry and indicated GFP fusions of 
kinetochore proteins. (B) A diagram of the fission yeast centromere region of 
chromosome 1. (C) ChIP analyses of Csi1-Flag levels at cnt and otr. (D) ChIP analyses 
of Csi1-Flag levels at cnt. Cells were grown at 37°C for 4 h before ChIP analysis was 
performed. (E) Live-cell imaging of cells expressing Csi1-GFP and Sid4-mRFP in 
a cnp1-1 mutant after 4 h at 37°C. (F) Live-cell imaging of cells expressing Csi1-
mCherry and Mis6-GFP in a sad1.1 mutant after 3 h at 37°C. (G) Cell lysates from the 
indicated strains were immunoprecipitated with the Flag antibody to isolate Csi1-Flag. 
The associated proteins were detected by Western blot analyses with myc or HA 
antibodies. WCE, whole-cell extract. (H) ChIP analyses of Sad1-HA protein levels at cnt. 
(I) Schematic diagram of SPB–centromere organization. Error bars represent standard 
deviations of three experiments. DIC, differential interference contrast; IP, 
immunoprecipitation; WT, wild type. Bars, 1 µm. 




component Sid4 (Figs. 3-2 E and S3-2 E), suggesting that Csi1 can localize to the vicinity 
of the SPB independently of kinetochores. 
 
We next showed that a sad1.1 mutant (Hagan and Yanagida, 1995) also caused 
centromere declustering. In this temperature-sensitive sad1 mutant, Csi1-GFP was 
localized in a diffuse nuclear pattern at restrictive temperature, suggesting that Csi1 
depends on Sad1 for localization (Fig. 3-2 F). The delocalization of Csi1 and declustering 
of centromeres were prominent by 90 min after temperature shift (unpublished data). As 
the sad1.1 mutant predominantly blocks the cell cycle at the second cell division after 
temperature shift (Hagan and Yanagida, 1995), the early appearance of centromere 
declustering is unlikely the result of a cell cycle block at M phase. In contrast, csi1Δ has 
no effect on Sad1 localization to the SPB (Fig. S3-1 D). 
 
We probed whether Csi1 interacts with Sad1 and kinetochore components using 
immunoprecipitation analysis and found that Csi1 interacted with Sad1 and a kinetochore 
component Spc7 (homologue of mammalian KNL1; Fig. 3-2 G). ChIP analyses showed 
that Sad1 was detectable at centromeres in a Csi1-dependent manner (Fig. 3-2 H). These 
data suggest that Sad1 and Csi1 are part of the molecular link between the nuclear 
envelope and the centromeres (Fig. 3-2 I). 
 
Csi1 encodes a sequence orphan without predicted membrane association domains. 
Through constructing a series of Csi1 deletions at its endogenous chromosomal locus, we 




the SPB (Fig. 3-3 A). Deletion of this segment of Csi1 (Δ2–29 aa) resulted in diffuse 
Csi1-GFP signal within the nucleus and abolished Csi1 association with centromeres 
(Fig. 3-3, B, C, and F). Because this phenotype was similar to that seen in the sad1.1 
mutant, we tested whether this domain is required for Sad1 interaction. Yeast two-hybrid 
and coimmunoprecipitation analysis demonstrated that full-length Csi1 interacted with 
Sad1, and this interaction was abolished in Csi1-(Δ2–29) (Fig. 3-3, D and E). We also 
substituted two leucines with prolines (Csi1-2LP; L199P and L209P) at the endogenous 
csi1+ chromosome locus to disrupt a predicted coiled coil (Fig. 3-3 A). Csi1-2LP 
abolished the interaction between Csi1 and kinetochores as indicated by both ChIP and 
coimmunoprecipitation analyses (Fig. 3-3, C and F). However, this mutant form of Csi1 
still interacts with the SPB as indicated by both imaging and coimmunoprecipitation 
analyses (Fig. 3-3, B and E). These data suggest that proper targeting of Csi1 to the SPB 
is required for Csi1 association with kinetochores, possibly with the help of additional 
proteins near the SPB. As expected, both the Δ2–29 and 2LP mutants showed defects in 
centromere clustering and minichromosome maintenance to a degree similar to that of 
csi1Δ (Fig. 3-3, G and H). 
 
We also identified a NLS of Csi1 near its N terminus. The csi1-ΔNLS mutant, in which 
the Csi1 protein was detected only in the cytoplasm, exhibited a high rate of 
minichromosome loss (Fig. S3-3). Introducing a heterologous NLS at the C terminus 
restored its correct localization and rescued Ch16 maintenance defects, suggesting that 
Csi1 needs to be nuclear for its function. This might explain the requirement of Crm1 for  









Figure 3-3: Csi1 interacts with Sad1.  
(A) Schematic diagrams of Csi1 and two mutants. Two asterisks represent mutations of 
two amino acids from L to P. (B) Live-cell imaging of mutant forms of Csi1-GFP 
together with Sid4-mRFP. (C) ChIP analysis of mutant Csi1 protein levels at 
centromeres. Error bars represent standard deviations of three experiments. (D) Yeast 
two-hybrid analysis of Csi1 with Sad1. Csi1 or Δ2–29 was fused with GAL4 DNA-
binding domain (BD), and Sad1 was fused with an activation domain (AD). Interaction 
between Sad1 and Csi1 results in the activation of a HIS3 reporter gene, allowing cells to 
grow in the absence of histidine. (E and F) Cell lysate from strains expressing Sad1-HA 
or Spc7-HA and indicated forms of Csi1-myc were immunoprecipitated with a myc 
antibody, and Western blot analyses were performed with a HA antibody. Molecular 
masses are given in kilodaltons. (G) Live-cell imaging analysis of Mis6-GFP and Sid4-
mRFP in Csi1 mutants. (H) Csi1 mutant cells containing Ch16 were grown into single 
colonies to measure loss rate. DIC, differential interference contrast; IP, 
immunoprecipitation; WT, wild type. Bars, 1 µm. 




centromere clustering (Funabiki et al., 1993), as Crm1 potentially regulates nuclear 
localization of Csi1 or other nuclear components of the SPB. 
 
We next examined more closely the effect of Csi1 on chromosome segregation during 
mitosis. We used time-lapse microscopy to image cells expressing Mis6-GFP 
(kinetochore marker) and Sid4-mRFP (SPB marker; Fig. 3-4 A). We timed mitotic events 
relative to the separation of the two duplicated SPBs at time = 0 (Fig. 3-4 A). The 
centromeres oscillate between the two SPBs and subsequently segregate toward the SPBs 
during anaphase A (Funabiki et al., 1993). Wild-type cells took an average of 10.9 ± 1.4 
min from SPB separation to completion of anaphase A under our experimental 
conditions. csi1Δ cells exhibited mitotic delays, with 14.6 ± 3.4 min from SPB separation 
to completion of anaphase A. Mis6-GFP showed a high incidence of abnormal 
kinetochore behavior, such as mislocalized kinetochores and lagging chromosomes, with 
11% of cells failing to segregate chromosomes within 30 min (Fig. 3-4, A and B). The 
prolonged mitotic progression before anaphase suggests that the spindle assembly 
checkpoint (SAC) is activated (Musacchio and Salmon, 2007). Consistent with this idea, 
we observed a much higher percentage of csi1Δ cells exhibiting Bub1-GFP foci 
compared with wild-type cells in asynchronous cell populations (Fig. 3-4 C). 
 
To further probe the function of Csi1, we examined the genetic interaction network of 
Csi1 via synthetic genetic array (Dixon et al., 2008; Roguev et al., 2008). Genes that 
showed strong negative genetic interactions confirmed by tetrad dissection analysis (Fig. 










Figure 3-4: Loss of Csi1 results in mitotic delays and sensitivity to perturbations in 
kinetochore–microtubule interactions.  
(A) Time-lapse microscopy of Sid4-RFP and Mis6-GFP during mitosis. Pictures were 
taken at 2-min intervals. (B) The distribution of time to finish anaphase A. Time was 
measured from separation of SPB to the reclustering of centromeres at the SPB, indicated 
by arrows in A. n represents number of mitosis counted from a single experiment. (C) 
The percentage of cells showing Bub1-GFP foci in populations of asynchronously 
growing cells. n represents number of cells counted from a single experiment. (D) 
Genetic interaction profiles of csi1Δ. Tetrad dissection of individual crosses was 
performed to analyze genetic interactions between csi1Δ and other mutants. For a 
conclusion of lethal genetic interactions, ≥50 tetrads from each cross were dissected, and 
no double mutants were obtained. (E) A model showing that centromere clustering during 
interphase facilitates kinetochore capture by microtubules during mitosis. The clustered 
centromeres serve as a higher affinity platform for concerted capture by microtubules. 
MAP, microtubule-associated protein; WT, wild type. Bar, 1 µm. 




the Dam1/DASH complex (Buttrick and Millar, 2011; Yao and He, 2008), and 
microtubule-associated proteins Dis1 and Alp14 (XMAP215 orthologue; (Nakaseko et 
al., 2001)), all of which are located at the kinetochore–microtubule interface. The genetic 
interactions with SAC are consistent with our data that loss of Csi1 activates the SAC. 
We speculate that in the absence of SAC, cells continue mitosis with improperly attached 
kinetochores, resulting in missegregation of chromosomes and lethality. The DASH 
complex functions to couple kinetochores with microtubules (Buttrick and Millar, 2011; 
Yao and He, 2008) and is required for the retrieval of unattached kinetochores during 
mitosis (Franco et al., 2007). Without DASH, the declustered kinetochores might not be 
retrieved to complete chromosome segregation, leading to cell death. The genetic 
interactions with microtubule-associated proteins suggest that csi1Δ cells are very 
sensitive to changes in microtubule plus-end dynamics. Consistent with these findings, 
csi1Δ cells showed strong sensitivity to thiabendazole, a chemical that destabilizes 
microtubules (Fig. S3-3; (Han et al., 2010)). 
 
It has been suggested that in fission yeast the clustering of centromeres during interphase 
allows for the rapid capture of kinetochores by intranuclear microtubules at the onset of 
mitosis (Fig. 3-4 E; (Grishchuk et al., 2007)), although experimental support for this 
model is lacking. Computational simulations of mitosis indicate that an unbiased 
microtubule search and capture mechanism is not efficient enough to account for mitosis 
in a timely manner (Wollman et al., 2005), and diverse strategies have evolved to ensure 
efficient capture of kinetochores by microtubules (Tanaka, 2010). For instance, in 




during early prometaphase, exposing them to high concentrations of microtubules 
(Magidson et al., 2011). We speculated that defects in centromere clustering in Csi1 
mutants contribute to delays and abnormalities in chromosome capture. 
 
The aforementioned model predicts that increasing chromosome number would 
exacerbate the defects in kinetochore capture by microtubules and delay mitosis further. 
Indeed, when we introduced the minichromosome Ch16 into csi1Δ cells, the time from 
SPB separation to anaphase onset was longer and variable (11.2 ± 1.3 min in wild type 
and 18.3 ± 5.3 min in csi1Δ cells), with 48% of cells failing to complete mitosis within 
30 min (Fig. 3-5, A and B). Moreover, when we introduced two minichromosomes 
(Ch16N and Ch16H) into csi1Δ cells, the cells grew very slowly and exhibited severe 
mitotic defects (Fig. 3-5 C). This effect was not a result of different kinetochore 
structures at the minichromosome, as the endogenous chromosome 2 also missegregated 
at higher rates with increasing chromosome numbers (Fig. 3-5 D). These results support 
the notion that centromere clustering contributes to proper attachment of kinetochores to 
microtubules during early mitosis. As centromeres need to be segregated during mitosis, 
we cannot artificially cluster centromeres to see whether this can rescue the mitotic delay 
caused by csi1Δ. Thus, it remains a possibility that Csi1 might also contribute to other 
processes that regulate mitosis. 
 
In summary, we have identified two factors of a molecular link that attaches and clusters 
centromeres at the inner nuclear envelope near the SPB: the SUN domain protein Sad1, 









Figure 3-5: Increasing chromosome number exacerbates the mitotic defects 
of csi1Δ cells.  
(A) Time-lapse microscopy of Sid4-RFP and Mis6-GFP during mitosis. Both cells have 
Ch16. (B) The distribution of time to finish anaphase A. All cells have Ch16. n represents 
the number of mitosis counted from a single experiment. (C) Serial dilution analysis of 
cells containing different numbers of chromosomes. Ch16H and Ch16N are modified 
versions of Ch16 that confer resistance to hygromycin and nourseothricin, respectively. 
(D) The segregation of chromosome 2 was analyzed through microscopic examination of 
a strain containing a LacO array inserted near the centromere of chromosome 2 that is 
also expressing LacI-GFP. n represents the number of cells counted from a single 




both Sad1 and components of the kinetochore during interphase. In addition to 
centromere clustering defects, Csi1 mutants also exhibit prominent defects in 
chromosome segregation during mitosis. As Csi1 is not detectable at kinetochores during 
mitosis (Fig. S3-2 D), it is unlikely to directly mediate microtubule–kinetochore 
attachment. Rather, our data support a model wherein Csi1-dependent centromere 
clustering near the SPB during interphase facilitates the capture of kinetochores by 
microtubules emanating from the SPBs subsequently in early mitosis. Our results 
highlight the importance of three-dimensional organization of the genome, which is 










Figure S 3-1: Csi1 is required for centromere clustering.  
(A) Loss of Csi1 results in an increase in the number of Cnp20-GFP foci. (B) ChIP 
analysis of Cnp20-Flag levels at cnt. Error bars represent standard deviations of three 
experiments. (C) Live-cell imaging of cells containing a LacO array inserted near the 
centromere of chromosome two that also is expressing LacI-GFP and Sid4-mRFP. (D) 
Live-cell imaging of cells expressing both Sad1-GFP and Sid4-mRFP. DIC, differential 









Figure S 3-2: Csi1 associates with the kinetochore and SPB.  
(A) ChIP analyses of Csi1-Flag protein levels at cnt were performed at a restrictive 
temperature (37°C for 4 h). (B) ChIP analyses of Csi1-Flag protein levels at cnt were 
performed at a restrictive temperature (37°C for 6 h). (C) ChIP analyses of Csi1-Flag 
protein levels at cnt were performed in the presence of napthaleneacetic acid, which 
induces the degradation of Nuf2 through a fused degron and Skp1-TIR1. (D) Time-lapse 
microscopy of Csi1-mCherry with Mis6-GFP or Csi1-GFP with Sad1-DsRed during 
mitosis. Pictures were taken at 2-min intervals. (E) Live-cell imaging of cells expressing 
Csi1-GFP and Sid4-mRFP in a mis6-302 mutant at a restrictive temperature (37°C for 4 
h). Error bars represent standard deviations of three experiments. DIC, differential 
interference contrast; WT, wild type. Bars, 1 µm. 









Figure S 3-3: Csi1 is a nuclear protein.  
(A) Diagram of Csi1 showing the location of a putative NLS. (B) Live-cell imaging of 
Csi1-mCherry. Csi1-ΔNLSmCherry removes residues 47–65 of Csi1 and Csi1-ΔNLS-
mCherry-NLS is created by the addition of an NLS from the SV40 T antigen to the C 
terminus of Csi1. (C) Serial dilution analysis of the indicated strains to measure their 
sensitivity to thiabendazole. (D) Csi1 mutant cells containing Ch16 were grown into 
single colonies to measure chromosome loss rate, indicated below each picture. n 
indicates total number of colonies counted. DIC, differential interference contrast; TBZ, 
thiabendazole. Bar, 1 µm. 




Materials and Methods 
	  
	  
Fission yeast strains and genetic analyses 
A PCR-based module method (Bahler et al., 1998b) was used to construct strains 
expressing epitope-tagged versions of Csi1, Cnp1, Nuf2, and Cnp20 at their endogenous 
chromosomal location. The templates for mCherry tagging were obtained from K. Sawin 
(The University of Edinburgh, Edinburgh, Scotland, UK) and the Yeast Resource Center. 
All mutations of Csi1 were introduced at the endogenous chromosomal locus and verified 
by sequencing. The majority of strains containing individual deletions were derived from 
the Bioneer fission yeast deletion library (Kim et al., 2010), verified via PCR, and 
backcrossed. Kinetochore and SPB mutants were obtained from the Japanese National 
BioResource Project. For serial dilution analyses, 5 µl of 10-fold dilutions of cells 
starting at 107 cells/ml were plated on the indicated medium and grown at 30°C for 3 d. 
To measure Ch16 loss rate, cells were spread into single colonies on medium containing 
low adenine (YE [yeast extract and dextrose]) to allow color development. Ch16 loss rate 
per generation was calculated as the number of colonies containing red half-sectors 
divided by the total number of colonies, which were not completely red (Hou et al., 
2010). An auxin-inducible degron of IAA17 was introduced at the C terminus of Nuf2 at 
its endogenous chromosomal locus in a strain containing the plant F-box protein TIR1 
fused with fission yeast protein Skp1 (Kanke et al., 2011). Cells were grown in medium 







Live-cell imaging was performed as described previously (Tran et al., 2004). Cells were 
grown in Edinburgh minimal medium (EMM) to reach mid-log phase and mounted on 
EMM-agar pads. Images were taken at 25°C unless otherwise noted with an inverted 
microscope (Eclipse Ti; Nikon) equipped with a 100×, 1.4 NA objective, spinning-disc 
confocal head (CSU10; Yokagawa Corporation of America), and an EM charge-coupled 
device camera (ImagEM; Hamamatsu Photonics). Images were acquired with NIS-
Elements (Nikon) with z stacks at 0.4-µm intervals and then flattened. ImageJ (National 
Institutes of Health) was used for image analysis. For time-lapse microscopy, images 
were taken every 2 min. 
 
ChIP analysis 
ChIP analyses were performed as described previously (Hou et al., 2010). In brief, mid-
log phase cells were cross-linked with freshly made 3% paraformaldehyde, and cell 
lysates were prepared by vigorously shaking with glass beads using a bead beater. The 
cleared lysates were sonicated to generate an average DNA fragment size between 0.5 
and 1 kb. The following antibodies Flag (Sigma-Aldrich), HA (12CA5), and myc 
(Sigma-Aldrich) were used for immunoprecipitation. Quantitative real-time PCR was 
performed with SYBR green quantitative PCR master mix (Maxima; Fermentas) in a 
real-time PCR system (ABI 7300; Applied Biosystems). DNA serial dilutions were used 
as templates to generate a standard curve of amplification for each pair of primers, and 
the relative concentration of target sequence was calculated accordingly. An act1 




extract for each target sequence. The high enrichment value of Sad1 at centromeres is a 
result of the low background of the HA antibody used. 
 
Yeast two-hybrid assay 
Csi1 and Csi1-(Δ2–29) were cloned into pGTB9 (Takara Bio Inc.) to generate fusion 
with the GAL4 DNA-binding domain. Sad1 was cloned into pGAD424 (Takara Bio Inc.) 
to generate fusion with the GAL4 activation domain. Both plasmids were transformed 
into the budding yeast strain pJ69-4A (James et al., 1996), and transformants were 
selected on medium lacking tryptophan and leucine to maintain both plasmids. The 
interaction of two proteins was indicated by the activation of a HIS3 reporter, allowing 
growth on medium lacking histidine. 
 
Coimmunoprecipitation analysis 
2 liters of mid-log phase cells were collected and washed with 2× HC buffer (300 mM 
Hepes-KOH, pH 7.6, 2 mM EDTA, 100 mM KCl, 20% glycerol, 2 mM DTT, and 
protease inhibitor cocktail [Roche]) before frozen into small nuggets with liquid nitrogen. 
The frozen yeast cells were mixed with dry ice and vigorously blended using a household 
blender. The resulting cell lysates were incubation with HC buffer containing 150 mM 
KCl for 30 min and centrifuged at 82,700 g for 3 h. Immunoprecipitation was performed 
by incubating cell lysates with Flag or myc antibody for 4 h followed by incubation with 
protein G–agarose beads for an hour. The beads were washed four times with HC 






Assay of endogenous chromosome 2 segregation 
Mid-log phase cells were resuspended in EMM medium containing 50 µg/ml calcofluor 
before image acquisition. LacI-GFP tethered to a tandem LacO array was used to 
measure centromere 2, and calcofluor-stained septins indicate cells that recently 
completed division. The number of cells with missegregated centromere 2 (two GFP foci 
in one daughter cell and no GFP focus in the other) was quantified. 
 
SAC activation assay 
Cells containing Bub1-GFP were grown in EMM medium until mid-log phase and fixed 
with 2% formaldehyde in 0.1 M phosphate buffer, pH 7.4, before image acquisition. 
 




Table S 3-1. Strains used in chapter three. 
Strain Number Genotype Source 
hy802 h+ leu1-32 ura4- ade6-210 csi1-Flag::kanMX6 Jia lab 
hy809 




h+ leu1-32 ura4- ade6-210 csi1::natMX4 sid4-mRFP:kanR 
cen2(D107)::kanr-ura4-lacOp his7::lacI-GFP 
Jia lab 
hy925 h+ leu1-32 ura4- ade6-216 csi1::natMX4 Jia lab 
hy930 h+ leu1-32 ura4- ade6-216 csi1-mCherry-natMX6 Jia lab 
hy936 








Mat1Msmto leu1-32 ura4- ade6-216 his2 csi1::natMX4 mis6-
GFP-leu2 lys1::Pnda3-mDsRed-atb2 
Jia lab 
hy1085 h+ leu1-32 ura4- ade6-216 csi1-myc-kanMX6 Jia lab 
hy1103 














hy1143 h? leu1- ura4- ade6-216 mis6-302 csi1-Flag-kanMX6 Jia lab 
hy1146 












h+ leu1- ura4- ade6-210 sad1-1 csi1-mCherry::natMX6 
mis6::GFP-leu2 
Jia lab 
hy1350 h+ leu1- ura4- ade6-210 mis6-myc8[ura4] csi1::natMX4 Jia lab 
hy1390 
h+ leu1- ura4- ade6-210 mis6-302 sid4-mRFP-kanMX csi1-
GFP-kanMX6 
Jia lab 
hy1418 h+ leu1- ura4- cnp1-1 sid4-mRFP-kanMX csi1-GFP-kanMX6 Jia lab 
hy1470 h+ leu1- ura4- ade6-210 csi1-Flag-kanMX6 spc7-8Myc-ura4 Jia lab 
hy1487 
h+ leu1-32 ura4- ade6-210 sid4-mRFP-kanMX csi1-GFP-
kanMX6 
Jia lab 
hy1555 h+ leu1-32 ura4- bub1-GFP-ura4 csi1::natMX4 Jia lab 
hy1675 h+ leu1-32 ura4- ade6-210 csi1-NLS-mCherry-hphMX Jia lab 
hy1695 
h+ leu1- ura4- ade6- cen2(D107)::kanMX-ura4-lacOp 
his7::lacI-GFP Ch16H (m23:::ura4 Tel72 ade6-mCherry-
hphMX) 
Jia lab 




his7::lacI-GFP Ch16H (m23:::ura4 Tel72 ade6::mCherry-
hphMX) csi1::kanMX6 
hy1709 h+ leu1-32 ura4- ade6-210 csi1-NLS::mCherryNLS-hphMX Jia lab 
hy1728 




h+ leu1-32 ura4- ade6-216 cen2(D107)::kanMX-ura4-lacOp 
his7::lacI-GFP Ch16H (m23:::ura4 Tel72 ade6::mCherry-
hphMX)  Ch16N (m23:::ura4 Tel72 ade6::mCherry-natMX) 
Jia lab 
hy1772 




Mat1Msmto leu1-32 ura4- ade6-216 his2 csi1::kanMX  
Ch16H (m23:::ura4 Tel72 ade6::mCherry-hphMX) 
Jia lab 
hy1819 
Mat1Msmto leu1-32 ura4- ade6-210 his2 Ch16H (m23:::ura4 




h+ leu1-32 ura4- ade6-210 csi1::natMX4 mis6::GFP-leu2 
sid4::sid4-mRFP-kanR Ch16 (m23:::ura4 Tel72 ade6-216) 
Jia lab 
hy1864 
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ChIP chromatin immunoprecipitation 
EMM Edinburgh minimal medium 
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Significance of this Thesis 
The cell is the basic building block of living organisms in this world. Cell division is a 
fundamental process that allows cells to proliferate, differentiate, and build various 
biological structures that carry out all the significant functions. So the cell is the basic 
one, then through cell division, it becomes two, then also through cell division, the two 
generate the living world.  
   
In the first two chapters of this thesis, I analyzed the cytokinetic ring, an evolutionally 
conserved cellular structure during the last stage of cell division, cytokinesis. This 
universally conserved structure is essential for cells to divide. Chapter one takes a unique 
look at the function of the cytokinetic ring beyond what is traditionally believed. Chapter 
two tackles the complexity of the ring, revealing its unexpected feature on organization 
and contractility.  
 
Chapter three, however, steps back to look at another crucial aspect of cell division – 
chromosome segregation. Genetic materials carried by chromosomes in the cell need to 
be faithfully and equally separated into two daughter cells during cell division. Such 
faithfulness is accomplished through a hierarchical cellular architecture. Chapter three 
analyzes the three dimensional organization of the chromosome and such organization 





Innovation in Science 
The classical view of the cytokinetic ring is that it provides contractility at the cleavage 
furrow so that it squeezes one cell into two. However, recent advances challenge the 
importance of the ring in providing the pinching force (Basu et al., 2014; Minc et al., 
2009; Proctor et al., 2012; Stachowiak et al., 2014). In fission yeast the ring is 
dispensable for cytokinesis under certain situation. Rather, the cell wall, a previously less 
appreciated component of cytokinesis, may be important in providing the necessary force 
(Proctor et al., 2012). The ring however is still important since in various ring mutants, 
cytokinesis undergoes abnormally. Thus, the function of the actomyosin ring in 
regulating cytokinesis needs to be studied further.     
 
This thesis uses the powerful model organism fission yeast S. pombe to investigate cell 
division. This genetically tractable system provides us with efficient tools to study the 
molecular details of cellular events. During cytokinesis, as the contractile ring closes, the 
septum cell wall grows inward. The septum, instead of the ring, is the major force 
provider to counterbalance the strong turgor pressure during this invagination process 
(Proctor et al., 2012). Even without providing the force needed for septation, the ring is 
still required for proper septum formation (Chang et al., 1996; Gould and Simanis, 1997; 
Marks et al., 1987; Nurse et al., 1976). Then what is the function of the ring here? 
 
Chapter one, for the first time, demonstrates the mechanical regulation of cell wall 
assembly by the contractile ring in any organism. Noticing that the functional ring is 




the ring globally coordinates septum assembly to maintain its roundness is proposed. 
Indeed, by manipulating the cross-section shape of the septum, a positive correlation 
between the curvature of the septum local region and the assembly rate of the septum is 
observed and such positive correlation is dependent on the presence of the functional 
ring. Based on the basic law of physics, high curvature region of an elastic object has 
high inward pulling force. Therefore, the above observation strongly suggests that the 
inward pulling force from the ring exerted on the plasma membrane positively regulates 
the assembly rate of the septum. Taken together, the experiments and analyses done in 
chapter one show one possible function of the ring beyond providing the bulk force for 
septation. The tension on the cytokinetic ring globally coordinates the shape of the 
septum in possibly a force sensitive manner.  
 
In other cell types, such mechanical regulation may also occur. In sea urchin embryos, 
the cleavage furrow at the “4 cell to 8 cell” division cycle is quadrant shaped at the 
beginning and becomes round in the process of furrow ingression. In budding yeast, birth 
scars were found to be round. In rod shaped bacteria, the Z ring is also round. All these 
suggest that a mechanosensitive regulation at division site may exist.  
 
Mechanosensitive regulation also exists in biological systems ranging from interaction 
within the cell, the interaction between the cell and the extracellular matrix, to organ 
functions in metazoans. Thus, observations made in chapter one have a strong implication 





From studying the function of the cytokinetic ring, we switched to investigate the 
structure of the ring, since in biological systems, the structure and organization of a 
system usually has a tight relationship. Both the macro-level organization and molecular 
architecture of the cytokinetic ring are poorly understood. Without understanding the ring 
organization, the basic functions of the ring, such as force generation and contraction, are 
difficult to study. In S. pombe, previous work has extensively characterized the dynamics 
of the ring proteins, the concentration of the ring proteins, and the macro-level structure 
of the actin ring. But how these components coherently organize and work together is not 
clear although many theoretical models have been proposed.   
 
Chapter two experimentally characterizes the dynamics of cytokinetic ring proteins in 
living cells with high spatial and temporal resolution. Components of the ring are highly 
dynamic and undergo rapid turnover. In chapter two, I investigated the dynamic behavior 
of the protein within the ring. First, the ring is not a homogeneous band of proteins. And 
even the same protein has different species exhibiting different dynamic behaviors, some 
remain static on the ring while others posses directional movement. One interesting 
observation is that even in wildtype, during ring constriction, actin containing strands 
slough off the main structure of the ring, suggesting multiple layers of the contractile 
ring. Moreover, there are two populations of myosin IIs in the ring. My work shows that 
the type II myosin Myp2 preferentially localizes to those strands, while the other type II 
myosin Myo2 and F-BAR domain protein Cdc15 prefer to stay on the main structure. 
These findings reveal the dynamic organization and function of the ring. Ring sloughing 




exemplifies the interplay between function and structure: contractility of the ring comes 
from its organization and at the same time such contractility contributes to the 
organization of the ring. Taken together, chapter two has experimentally revealed inner 
substructures of ring and the dynamics of the protein components. For the first time, 
proteins were visualized moving or being static on the whole circumference of the ring, 
which was only suggested previously by theoretical work. Also the dynamic peeling of 
the ring was not observed before and this finding may give new insights into the layering 
structures and protein functions on the ring. In addition, more structural details of the ring 
may shed light on its function.  
 
Chapter three focuses on the chromosome architecture whose work was accomplished 
with close collaboration with the lab of Dr. Songtao Jia at Columbia University. The 
chromosomes need to be well organized so that the segregation machinery can carry out 
its job efficiently and effectively. Centromeres on the chromosomes attach to the region 
of the spindle pole body at the nuclear envelope during interphase but the molecular links 
were unknown. We identified the first protein link, Csi1, responsible for anchoring and 
clustering the centromeric DNA to the SPB. This was a breakthrough in the field and will 
lead to a fuller understanding of this process.  
 
Innovation in Methods 
All chapters in this thesis intensively rely on confocal fluorescent microscopy so the 
methods that increase the image resolution have greatly enhanced our ability to visualize 




Bathe at Massachusetts Institute of Technology, Drs. Fred Chang, Mark Bathe, Jun He, 
Emilia Munteanu, and I developed and made use of micro-well PDMS chambers to 
image cells standing vertically. This has greatly enhanced our ability to visualize cellular 
structures from a different perspective, specifically, the contractile ring. Imaging the ring 
with imaging plane parallel to the division plane not only enabled us to capture the 
structure in high resolution and but more importantly more image acquisitions could be 
performed within a short amount of time, thus, temporal resolution was greatly enhanced.  
 
Physical manipulation of fission yeast cells either using traditional glass slide / cover slip 
or with PDMS chambers helped us understand many mechanical properties of the cell. In 
chapter one, cross-section deformed cells were used to test if septum growth is positively 
correlated with local curvature in the presence of the functional ring.  
 
I worked to develop or adapt software packages to streamline and standardize the image 
analysis process. For example, with collaboration with KC Huang’s lab, segmenting 
septum images using active contour method allowed fast, non-biased, and sub-pixel data 
extraction. After the contours of the septum hole was obtained, custom written scripts for 
extracting shape information and measuring septum growth rate facilitated fast curvature 
analysis, which finally revealed the positive correlation between septum growth and local 
septum curvature as discussed in chapter one. In chapter two, automatic tracking of the 
cytokinetic ring during its constriction provided us with a fast data visualization method 




movement or static behavior on the contractile ring. Correlation between the dynamics of 
the protein pairs was also measured through a custom written script. 
 
Software aided data processing is also useful when dealing with large amounts of data. 
As in chapter three, screening of the whole gene deletion library for high chromosome 
loss rate mutant generates massive unnaturally organized data so I wrote a custom data 
parsing script to transform these data into a human readable form. This helped fast 
identify a set of genes that are important for stability of chromosome segregation, 
including csi1.  
 
Faster data processing not only makes data processing faster but can also quickly 
eliminate unwarranted assumptions and make impossible job possible.  
 
On the other end of data processing is the data synthesis process – computer aided 
simulation. Chapter one had implemented a contour evolution model with different 
septum growth assumptions thus this simulation can quickly test our hypothesis if local 
septum growth is positively correlated with local curvature and can also quickly rule out 
the possibility that the septum growth is uniform around the circumference of the leading 
edge. In chapter two, inspired by BlurLab project initiated by Tristan Ursell from lab of 
KC Huang, simulation of microscopic images using Gaussian distribution to model point 
spread function and Poisson distribution to model camera noise assuming random protein 
distribution generated sets of images that we could compare with the experimental data. 




contractile ring. Finally in chapter three, I developed a mathematical simulation purely 
based on microtubule search-and-capture model in capturing chromosomes to form a bi-
polar spindle. This simulation suggested that increasing the number of non-clustered 
chromosomes drastically increases the time needed for microtubules to search and 
capture to properly form a mitotic spindle. And such non-linear and possibly exponential 
relationship underlined the importance of centromere clustering at the nuclear envelope. 
Indeed adding a non-clustered chromosome to fission yeast cell dramatically increased 
the duration of mitosis.   
 
Taken together, I worked to develop the approaches used in this thesis ranging from 
experiments, data acquisition, data processing, and mathematical simulation. 
 
Perspectives 
This thesis primarily analyzes the function and the organization of the contractile ring 
during cytokinesis.  
 
In the pursuit of understanding the function of the ring, the regulation of the septum 
assembly by the cytokinetic ring through a force sensitive mechanism is suggested. The 
molecular details such as what structure is sensing the force, what transmits the force 
from the inside of the membrane to the outside, and what is the molecular receptor in 
septum assembly pathway to receive the mechanical signal are to be further investigated. 
One key issue to be tested is whether locally exerting inward pulling force onto the 




ingression. Another issue is that the link between the contractile ring and the septum 
assembly machinery needs to be established. One possible way that contractile force from 
the ring can change the septum assembly rate is based on Ratchet like model, where small 
pulling force on the membrane leaves space for the cell wall assembly machinery to 
incorporate new materials in the leading edge of the septum. This mechanism is purely 
based on physical nature of the biological molecules. An alternative model can be that the 
pulling force of the ring triggers a conformational change of a member or a regulator of 
the septum assembly machinery and this conformational change dramatically changes the 
enzymatic activity of glucan synthases. Candidate of such linking factor might be a novel 
class of proteins but more possibly, it can be a protein that has been observed in other 
systems carrying out similar functions, such as proteins involved in focal adhesion. To 
test this, magnetic tweezers might be employed to see if this physical manipulation can 
directly change the activity of septum assembly. Altering the lipid composition of the 
membrane may also change the mechanical properties of the septum assembly 
machinery. And this can be used as a potential method to test our hypothesis. 
Crosslinking the ring with the candidate linker may abolish the mechanosensitive 
behavior between the cytokinetic ring and the septum. Taken together, what is left for us 
to tackle is to find a cellular force magnifier to transform the small force from the ring to 
the large force from septum assembly.  
 
 To understand the organization of the ring, high spatial and temporal resolution 
microscopy is used in chapter two and it suggests that subcomplexes exist within the ring 




findings are informative but a more detailed system-level understanding is needed. How 
are the ring proteins organized in the subcomplexes? How do these complexes cooperate 
together to generate contractility on the ring? If there are multiple layers of the ring, how 
does each layer work differently during constriction? Another interesting finding in 
chapter two is that actin containing filaments peel off from the ring. However, the exact 
causes and function of the peeling / sloughing event is unclear. Does ring sloughing 
contribute to dynamic turnover of the ring components? Two type II myosins Myo2 and 
Myp2 have differential binding to the main structure of the ring and the sloughing strands 
respectively. Such different localization implicates that these two myosins may have 
different functions at different layers of the ring. The exact functions of these myosins, 
particularly Myp2, are undefined. Does Myp2 serve as a backup motor for proper 
function of the ring? Does it have a special function? Or is it just an evolutionally 
remained myosin that does not carry out essential function?  
 
Concluding Remarks 
Research in cell biology gives an example of how advances in technology lead to 
breakthrough in biological research and how thinking in science raises the needs for 
technology. I am extremely lucky to be able to work in the field of cell biology and 
particularly with the fission yeast S. pombe, a small but powerful model organism and a 
simple but complex enough system. The collaborative research inside and outside the cell 
biology community brings the understanding of this subject to the cutting edge of 
science. Many aspects of cellular processes have been extensively studied. As a result, 




experimentally and theoretically, greatly enhancing our understanding of the cell. In S. 
pombe, clean genetic methods enable us to obtain large amounts of high quality data in a 
short amount of time. This fundamentally pushes the field towards a system-level 
understanding of cellular processes. We should look forward to more breakthroughs in 
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